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Abstract:
The failure of Mystic Lake dam poses a major threat to the residents of the Bozeman Creek drainage.
Outdated engineering practices used in the construction of the dam coupled with an unstable geologic
setting create a potentially hazardous situation. The east abutment of the oam is founded in the toe of a
Quaternary landslide. Water seeps through the landslide debris and ponds in a depression at the foot of
the dam. Unvegetated slumo scarps in the landslide directly below the dam site are attributed to the
increased pore pressure from the seepage water. The potential for liquefaction in the event of an
earthquake is extrerne Iy high.

A mathematical model is programmed in FORTRAN IV to simulate the failure of the dam and the
movement of the floodwave. The hypothetical failure is induced by overtopping the dam with a
rain-storm discharge greater than the spillway capacity (780 cfs). The breach is assumed to erode as an
exponential function of time, producing an estimated peak discharge of 83,500 cfs in approximately 7.5
minutes.

A hydraulic routing method utilizing the complete equations of unsteady flow is solved numerically by
a four-point implicit finite difference method.

Changes in the flow regime of Bozeman Creek make the computation of the initial water surface
profile and the establishment of intermediate boundary conditions impossible. Until sufficient gaging
data are available# trie routing portion of the model is not applicable to Bozeman Creek and the extent
of flooding from the failure of Mystic Lake dam cannot be simulated.

An estimate for the extent of flooding from the failure of the dam is approximated by plotting the
percentage attenuation of the breach hydrograph against the depth of flow.

A 60 percent attenuation yields a depth' of flow of 10.5 feet, at the canyon mouth # 4.5 feet deeper than
the 5 CO year flood. 
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ABSTRACT

The f a i l u r e  o f  M y s t i c  L a k e  dam p o s e s  a m a j o r  t h r e a t  t o  
t h e  r e s i d e n t s  o f  t h e  Bozeman C r e e k  d r a i n a g e .  O u t d a t e d  
e n g i n e e r i n g  p r a c t i c e s  u s e d  i n  t h e  c o n s t r u c t i o n  o f  t h e  dam 
c o u p l e d  w i t h  an u n s t a b l e  g e o l o g i c  s e t t i n g  c r e a t e  a p o t e n -  . 
t i a l l y  h a z a r d o u s  s i t u a t i o n .  The e a s t  a b u t m e n t  c f  t h e  dam i s  
f o u n d e d  i n  t h e  t o e  o f  a Q u a t e r n a r y  l a n d s l i d e .  W a t e r  seeps,  
t h r o u g h  t h e  l a n d s l i d e  d e b r i s  and p o n d s  i n  a d e p r e s s i o n  a t .  
the.  f o o t  o f  t h e . d a m .  U n v e g e t a t e d  s I u mo s c a r p s  i n  t h e  l a n d ­
s l i d e  d i r e c t l y  b e l o w  t h e  dam s i t e  a r e  a t t r i b u t e d  t o  t h e  
i n c r e a s e d  p o r e  p r e s s u r e  f r o m  t h e  s e e p a g e  w a t e r .  The p o t e n ­
t i a l  f o r  l i q u e f a c t i o n  i n  t h e  e v e n t  o f  an e a r t h q u a k e  i s  
e x t r erne I y  h i g h .

A m a t h e m a t i c a l  mo d e l  i s  p r o g r a mme d  i n  FORTRAN I V t o  
s i m u l a t e  t h e  f a i l u r e  o f  t h e  dam and  t h e  mo v e me n t  o f  t h e  
f l o o d w a v e .  The h y p o t h e t i c a l  f a i l u r e  i s  i n d u c e d  by  o v e r t o p ­
p i n g  t h e  dam w i t h  a r a i n - s t o r m  d i s c h a r g e  g r e a t e r  t h a n  t h e  
s p i l l w a y  c a p a c i t y  ( 7 3 0  c f s ) .  The b r e a c h  i s  a s s u me d  t o  e r o d e  
as an e x p o n e n t i a l  f u n c t i o n  o f  t i m e #  p r o d u c i n g  an e s t i m a t e d  
p e a k  d i s c h a r g e  o f  83# 500 c f s  i n  a p p r o x i m a t e l y  7 . 5  m i n u t e s .
A h y d r a u l i c  r o u t i n g  m e t h o d  u t i l i z i n g  t h e  c o m p l e t e  e q u a t i o n s  
o f  u n s t e a d y  f l o w  i s  s o l v e d  n u m e r i c a l l y  by  a f o u r - p o i n t  
i m p l i c i t  f i n i t e  d i f f e r e n c e  m e t h o d .

C h a n g e s  i n  t h e  f l o w  r e g i m e  o f  Bozeman  C r e e k  make t h e  
c o m p u t a t i o n  o f  t h e  i n i t i a l  w a t e r  s u r f a c e  p r o f i l e  and t h e  
e s t a b l i s h m e n t  o f  i n t e r m e d i a t e  b o u n d a r y  c o n d i t i o n s  i m p o s ­
s i b l e .  U n t i l  s u f f i c i e n t  g a g i n g  d a t a  a r e  a v a i l a b l e #  t o e  
r o u t i n g  p o r t i o n  o f  t h e  mo d e l  i s  n o t  a p p l i c a b l e  t o  Bozeman 
C r e e k  and t h e  e x t e n t  o f  f l o o d i n g  f r o m t h e  f a i l u r e  o f  M y s t i c  
L a k e  dam c a n n o t  be s i m u l a t e d .

An e s t i m a t e  f o r  t h e  e x t e n t  o f  f l o o d i n g  f r o m  t h e  f a i l u r e  
o f  t h e  dam i s  a p p r o x i m a t e d  by  p l o t t i n g  t h e  p e r c e n t a g e  a t t e n ­
u a t i o n  o f  t h e  b r e a c h  h y d r o g r a p h  a g a i n s t  t h e  d e p t h  o f  f l o w .
A 60 p e r c e n t  a t t e n u a t i o n  y i e l d s  a dep t h '  o f  f l o w ,  o f  1 0 . 5  f eet ,  
a t  t h e  c a n y o n  mou t h  # 4 . 5  f e e t  d e e p e r  t h a n  t  he 5 CO y e a r  
f l o o d .



I NT RODUCT I ON

L o c a t i o n

B oz e ma n  C r e e k  d r a i n s  5 2 . 4  s q u a r e  m i l e s  on t h e ^ n o r t h e r n  

f l a n k s  o f  t h e  G a l l a t i n  R a n g e ,  s o u t h w e s t e r n  M o n t a n a .  The u p - '  

o e r  4 . 9  s q u a r e  m i l e s  o f  t h e  d r a i n a g e  b a s i n  d r a i n  i n t o  My s ­

t i c  L a k e  ( F i g .  I ) .  The l a k e  i s  1 2 . m i l e s  s o u t h e a s t  o f  B o z e ­

man i n  t h e  e a s t e r n  h a l f  o f  s e c t i o n  2 5 ,  T o w n s h i p  I  S o u t h ,  

Range 6 E a s t ,  a n d  i n  t h e  w e s t e r n  h a l f  o f  s e c t i o n  3 0 ,  T o w n ­

s h i p  3 S o u t h ,  Range  7 E a s t .  From M y s t i c  L a k e ,  Bozeman Cr e e k  

f l o w s .  7 . m i l e s  t h r o u g h  a n a r r o w ,  f o r e s t e d ,  n o r t h  w e s t - t r e n d i n g  

c a n y o n  ( F i g .  I ) .  The l o w e r  r e a c h  of  t h e  s t r e a m ,  b e t w e e n  t h e  

c a n y o n  m o u t h  and t h e  E a s t  G a l l a t i n  R i v e r ,  o c c u p i e s  a n a r r o w  

f l o o d p l a i n  ( l e s s  t h a n  one m i l e  w i d e ) ,  w h i c h  i s  u n d e r g o i n g  

s t e a d y  u r b a n i z a t i o n .  Many r e s i d e n t i a l  and c o m m e r c i a l  d e v e l - .  

o p m e n t s  h a v e  e s t a b l i s h e d  on t h e  f l o o d p l a i n  i n c l u d i n g  p a r t  o f  

d o w n t o w n  Bozeman ( F i g .  1 ) .

P u r p o s e . o f  t h e  S t u d y

A c c o r d i n g  t o  g u i d e l i n e s  e s t a b l i s h e d  by  t h e  U . S. C o r p s  . 

o f  E n g i n e e r s  (.1 975 ) ,  M y s t i c  L a k e  dam i s  c l a s s i f i e d  as h a v i n g  

a h i g h  d o w n s t r e a m  h a z a r d  p o t e n t i a l .  In.  an e x e c u t i v e  summar y  

F o s t e r  ( C H 2M H i l l ,  1 9 8 0 ,  p .  i v )  s t a t e d :

Bas e d  on v i s u a l  r e c o n n a i s s a n c e  a n d  e n g i n e e r ­
i n g  j u d g e m e n t ,  t h e  dam i s .  l o c a t e d  s u c h  t h a t  i t s  
f a i l u r e  c o u l d  c a u s e  e x t e n s i v e  p r o p e r t y  damage a n d 
p o s s i b l e  l o s s  o f  l i f e .
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F i q u r e  I .  L o c a t i o n  map .  N o t e  t h e  s p a t i a l  r e l a t i o n s h i p  
b e t w e e n  M y s t i c  L a k e ,  Bozeman C r e e k  and t h e  t o w n  o f  B o z e ma n .
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I n  h i s  r e c o m m e n d a t i o n s  t o  t h e  c i t y  o f  B o z e m a n ,  t h e  Bozeman 

C r e e k  R e s e r v o i r  Company and t h e  U „ S„ Co r p s  o f  E n g i n e e r s ,  he 

s t r e s s e d  t h e  n e e d  f o r  f u r t h e r  e v a l u a t i o n  o f  t h e  d a m ' s  

g e o l o g i c  s t a b i l i t y  and f o r  a h y d r a u l i c  r o u t i n g  t o  e s t a b l i s h  

t h e  e x t e n t  o f  d o w n s t r e a m  " f l o o d i n g  a s s o c i a t e d  w i t h  t h e  f a i l ­

u r e  o f  t h e  dam.

The  p u r p o s e  o f  t h i s  i n v e s t i g a t i o n  i s  t w o f o l d :  f i r s t ,  t o  

e v a l u a t e  t h e  s t a b i l i t y  o f  M y s t i c  L ak e  dam by  c o m p i l i n g  a l l  

a v a i l a b l e  e n g i n e e r i n g  d a t a  and  c o n d u c t i n g  a g e o l o g i c  i n v e s ­

t i g a t i o n ,  o f  t h e  dam s i t e ,  and  s e c o n d ,  t o  d e m o n s t r a t e  t h e  e x ­

t e n t  o f  p o t e n t i a l  f l o o d i n g  a l o n g  Bozeman C r e e k  by n u m e r i ­

c a l l y  s i m u l a t i n g  t h e  f a i l u r e  o f  t h e  dam and t h e  mov emen t  o f  

t h e  f I b o d w a v e  d o w n s t r e a m .

H i s t o r y  o f  t h e  Dam

The f o l l o w i n g  s e c t i o n  was s u m m a r i z e d  f r o m  a r e p o r t  by 

Bozeman C i t y  E n g i n e e r ,  A r t  Va n ' t  Hul  (1 980 ) .

M y s t i c  L ak e  dam was c o n s t r u c t e d  i n  1903  and 1904  on U . S .  

F o r e s t  S e r v i c e  p r o p e r t y  t h r o u g h  a s p e c i a l  use  p e r m i t  g r a n t e d
I

t o  t h e  c i t y  o f  Bozeman  and t h e  B o z e m a n . C r e e k  R e s e r v o i r  Com­

p a n y .  The l a k e  i s  u s e d  t o  s t o r e  i r r i g a t i o n  and m u n i c i p a l  

w a t e r s .  The o r i g i n a l  e a r t h - f i l l  s t r u c t u r e  m e a s u r e d  43 f e e t  

i n  h e i g h t  f r o m  t h e  o u t l e t  " p i p e s  ( one  16, and  t h e  o t h e r  12.  i n ­

c h e s  i n  d i a m e t e r ) ,  t o  t h e  dam c r e s t  ( F i g .  2 - A , B )« Bo t h
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F i g u r e  2.  E n g i n e e r i n g  d r a w i n g s  o f  M y s t i c  L a k e  dam.  C r o s s - s e c t i o n  A i s  d r awn  
t h r o u g h  t h e  dam a l o n g  t h e  o u t l e t  p i p e s .  N o t e  t h e  e x t e n t  o f  t h e  c o r e  w a l l  i n  
t h e  l o n g i t u d i n a l  p r o f i l e  B .  Wher e  t h e  c o r e  w a l l  i s  a b s e n t /  s e e o a a e  w a t e r  p o n d s  
i n  a d e p r e s s i o n  at  t h e  t o e  o f  t h e  dam/  p l a n  v i e w  C.
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F i g u r e  2. ( c o n t i n u e d )
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u p s t r e a m  and  d o w n s t  r eam,  f a c e s  h a d  s l o p e s  o f  2 t o  1 w i t h  

t h e  u p s t r e a m  f a c e  r i p r a p p e d .  A m a s o n r y  c o r e  w a l l ,  4 f e e t  . 

t h i c k  a t  t h e  b a s e ,  2 f e e t  t h i c k  a t  t h e  t o p ,  and 1 40 f e e t  

l o n g ,  e x t e n d e d  f r o m  t h e  w e s t  a b u t m e n t  t h r o u g h  t h e  c e n t e r  

l i n e  o f  t h e  dam.  The t o p  o f  t h e  c o r e  w a l l  was a p p r o x i m a t e l y  

2 f e e t  b e l o w  t h e  o r i g i n a l  c r e s t  o f  t h e  dam ( F i g .  2 - A ,  B ) ,

T h e r e  h a v e  b e e n  s e v e r a l  m o d i f i c a t i o n s  t o  t h e  dam s i n c e  

i t s  i n s t a l l a t i o n  i n - 1  9 0 3 .  A c o n c r e t e  s p i l l w a y '  was c o n s t r u c ­

t e d  i n  1 9 1 9  n e a r  t h e  w e s t  a b u t m e n t  t o  r e p l a c e  t h e  o r i g i n a l  

t i m b e r  s p i l l w a y  ( F i g .  2 - C ) . I n  1 9 3 2 ,  a h i g h  r u n o f f . e v e n t  

l e a v i n g  o n l y  a . 9  f o o t  f r e e b o a r d  on t h e  d a m,  v r  cmpt-.eti o f  f  i  -  

c i a I s  t o  r a i s e  t h e  aam c r e s t  by 3 f e e t  t o  t h e  h e i g h t  o f  t h e  

s D i  U w a y  c o v e r  s l a b .  I n  1 9 5 9 ,  a n e w  c o n c r e t e  s o i l  I w a y ,  .1.8.5 

f e e t  l o n g  and 20 f e e t  w i d e  was i n s t a l l e d  w i t h  a P a r s h a l l  

F l ume  a t  t h e  o u t l e t  p i p e s  ( F i g .  2 - C ) .  At  t h e  same t i m e ,  t h e  

dam c r e s t  was r a i s e d  t wo  f e e t  t o  i t s  p r e s e n t  h e i g h t  o f  48 

f e e t .  A t  t h i s  new e l e v a t i o n ,  t h e  440 f o o t  l o n g  dam i m p o u n d ­

ed 1190 a c r e - f e e t  a t  t h e  s p i l l w a y  c r e s t ,  a n d  1520 a c r e - f e e t  

a t  t h e  dam c r e s t .  ' I n  t h e  f a l l  o f  ' 1 9 6 4 ,  t h e  o l d  g a t e  s t r u c ­

t u r e  was d i s m a n t l e d  and a new c o n c r e t e  o u t l e t  c o n t r o l  w i t h  a 

h and  o p e r a t e d  s l i d e  g a t e  was i n s t a l l e d .  T h r e e  y e a r s  l a t e r ,  

i n  . 1967 ,  a l o n g i t u d i n a l  c r a c k  d e v e l o p e d  i n  t h e  l o w e r  e nd  o f  

t h e  s p i l l w a y  f l o o r .  The r e p a i r s  we r e  made by i n j e c t i n g  a
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m i x t u r e  o f  m a s o n r y  c e m e n t *  wa s h e d  s a n d *  and b e n t o n i t e  i n t o  a 

s e r i e s  o f  h o l e s  d r i l l e d  t h r o u g h  t h e  s p i l l w a y  f l o o r ,

j " "In J u l y *  1 9 7 7 *  w a t e r  was o b s e r v e d  e n t e r i n g  a s i n k h o l e  

i n  t h e  u p s t r e a m  f a c e  o f  t h e  dam ( F i g .  . 2 - 0 *  a c c o m p a n i e d  by $ 

l o u d  r o a r  f r o m  w i t h i n ,  t h e  dam.  Muddy w a t e r  and a l g a e  wer e

o b s e r v e d  i s s u i n g  f r o m  a p o o l  200 t o  3 0 0 . f e e t  d o w n s t r e a m  f r o m  

t h e  end o f  t h e  s p i l l w a y .  As t h e  r e s e r v o i r  l e v e l  d e c r e a s e d *

t h e  s o u n d  f r o m  w i t h i n  t h e  dam l e s s e n e d . a n d  t h e  f l o w  o f  w a t e r
. , . .... . ' . .

t h r o u g h  t h e  s i n k h o l e  d i m i n i s h e d  ( W i l l i a m s #  1 9 7 7 ) .  . D r i l l

h o l e  and  f l u o r e s c e i n  dye  t e s t s  c o n d u c t e d  by  N o r t h e r n  T e s t i n g  

L a b o r a t o r i e s  ( 1 9 7 7 ) *  and t e l e v i s i o n  m o n i t o r i n g  o f  t h e  o u t l e t  

p i p e s  by  Bozeman c i t y  o f f i c i a l s  i n  1 9 7 7 - 7 8 #  l e d  t o  t h e  con^- 

c l u s i o n  t h a t  d i f f e r e n t i a l  s e t t l e m e n t  o f  t h e  c o r e  w a l l  and

t he  dam e m b a n k m e n t  had s h e a r e d  t h e  12 i n c h  o u t l e t  p i p e .  I n -  

s p e c  t  i o n s r  ev ea l e d  t h a t  t h e  12 i n c h ,  d i a m e t e r  p i p e  had a 3 

i n c h  v e r t i c a l  d i s p l a c e m e n t  a t  t h e  u p s t r e a m  f a c e  o f  t h e  co r e -  

w a l l *  and  t h a t  b o t h  c a s t  i r o n  c o n d u i t s  had l o n g  b e n d s  and 

l o c a l l y ,  o . u t - o f - r o u n d  s e c t i o n s .  I n  o r d e r  t o  p r e v e n t  f u r t h e r  

r e m o v a l  o f .  m a t e r i a l  f r o m  t h e  dam by  p i p i n g # ,  and a d d i t i o n a l  

s i n k h o l e ,  d e v e l o p m e n t #  m e c h a n i c a l  e x p a n d i n g  p l p g s  we r e  i n ­

s e r t e d  i n t o  t h e  ups  t  ream a n d . d o w n s t r e a m  e n d s  o f  t h e  12 i n c h  

o u t l e t  p i p e  as a t e m p o r a r y  m e a s u r e  u n t i l  mo r e  c o m p l e t e  r e -  , 

p a i r s  c o u l d  b e .  made ( N o r t h e r h T e s t i n g  La bo r  a t  p r  i  e s * I 9 7,7 ) .
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I t  was r e c o mme n d e d  t h a t  b o t h  o u t l e t  p i p e s  be r e s h a p e d ,  l i n e d  

and g r o u t e d  and t h a t  a g r o u t  c u r t a i n  be a p p l i e d  t o  t he  

u p s t r e a m  f a c e  o f  t h e  c o r e  w a l l  ( N o r t h e r n  T e s t i n g  L a b o r a t o ­

r i e s ,  1 9 7 7 ;  W i l l i a m s ,  1 9 7 7 ) .  To t h i s  d a t e ,  f i n a l  r e p a i r s  

h a v e  n o t  b e e n  u n d e r t a k e n .

Dam S i t e  Geo l  ogy

f To s u m m a r i z e  t h e  g e o l o g i c  h i s t o r y  o f  t h e  r e g i o n ,  com­

p r e s s i v e  f o r c e s  o f  t h e  L a r a m i d e  o r o g e n y  d e f o r m e d  t h e  r o c k s  

i n  t h e  M y s t i c  L a k e  a r e a  i n t o  a s e r i e s  o f  n o r t h w e s t - t r e n d i n g  

f o l d s #  5 0 - 6 0  m i l l i o n  y e a r s  a g o .  A t  t h e  c u l m i n a t i o n  o f  t h e  

c o m p r e s s i v e  p h a s e ,  t h r u s t  f a u l t s  d e v e l o p e d ,  d i s p l a c i n g  r o c k  

u n i t s  h o r i z o n t a l l y  and v e r t i c a l l y .  No r ma l  f a u l t s  e v o l v e d  as 

t h e s e  f o r c e s  d i m i n i s h e d  ( M c M a n n i s ,  1 9 r, 5 ;  A r a m ,  1 9 7 9 ;  H u g h e s ,  

1 9 5 0 ) .  50 m i l l i o n  y e a r s  a g o ,  a * t e r  a p e r i o d  o f  e r o s i o n  and

s t r e a m  d e v e l o p m e n t ,  e x t e n s i v e  a n d e s i t e  f l o w s  and b r e c c i a s  

c o v e r e d  t h e  n o r t h  end o f  t h e  G a l l a t i n  Range  ( C h a d w i c k ,

1 9 7 0 ) .  F u r t h e r  e r o s i o n  p r o d u c e d  t h e  p r e s e n t  t o p o g r a p h y .  A 

L a n d s l i d e  i n v o l v i n g  t h e  v o l c a n i c  b r e c c i a s  f l o w e d  f r o m  t he  

e a s t  and  f o r m e d  a n a t u r a l  dam a t  t he  s o u t h e r n  end o f  M y s t i c  

L a k e  o v e r  150 y e a r s  ago  ( t r e e  r i n g  c o u n t ) .

A G e n e r a l i z e d  g e o l o g i c  map was p r o d u c e d  f o r  t h e  p u r ­

p o s e s  o f  t h i s  s t u d y  ( F i g .  5 ) .  The r o c k  u n i t s  mapped  by  

R o b e r t s  ( 1 9 6 4 a ;  1 9 6 4 b )  we r e  l u mp e d  i n t o  u n d i f f e r e n t i a t e d
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F i g u r e  3.  G e n e r a l i z e d  g e o l o g i c  map o f  t h e  M y s t i c  L ak e  
r e g i o n .  The dam i s  f o u n d e d  i n  t h e  u p p e r  d o l o m i t e  o f  t h e  
Amsden  F o r m a t i o n ,  t h e  Q u a d r a n t  Q u a r t z i t e  and a Q u a t e r n a r y  
l a n d s l i d e  d e p o s i t .  ( A f t e r  R o b e r t s ,  1964a/ *  1 9 6 4 b ) .
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u n i t s  w i t h  age d i s t i n c t i o n  o n l y *  Th r e e  u n i t s  w h i c h  a c t  as 

t h e  f o u n d a t i o n . o f  t h e  dam,  t h e  Amsden F o r m a t i o n ,  Q u a d r a n t  

Q u a r t z i t e  and t h e  l a n d s l i d e  d e p o s i t ,  r e t a i n  t h e  o r i g i n a l  

s t a t u s  a s s i g n e d  by R o b e r t s .  The v o l c a n i c  b r e c c i a  w a s ' a I so 

mapped s e p a r a t e l y  as  i t  i s  t h e  s o u r c e  r o c k  f o r  t h e  l a n d ­

s l i d e  d e b r i s .

A f i e l d  c h e c k  o f  t h e  dam s i t e  s h o w e d  t h a t  R o b e r t s  

( 1 9 6 4 b )  i n c o r r e c t l y  mapped p o r t i o n s  o f  t h e  J u r a s s i c  M o r r i s o n  

and t h e .  C r e t a c e o u s  K o o t e n a i  F o r m a t i o n s  as p a r t  o f  t h e  Qua­

t e r n a r y  l a n d s l i d e  d e p o s i t  a l o n g  t h e  e a s t e r n  s h o r e  o f  M y s t i c  

L a k e .  . O u t c r o p s  o f  t h e  c a r b o n a c e o u s  s h a l e  o f  t h e  u p p e r  M o r ­

r i s o n ,  b a s a l  c o n g l o m e r a t e  and  g a s t r o p o d  r i c h  l a c u s t r i n e  

l i m e s t o n e s  o f  t h e  K o o t e n a i  s u p p o r t  t h i s  c o n c l u s i o n .  The 

c o n t a c t  a t  t h e  t o e  o f  t h e  s l i d e ,  d o w n s t r e a m  f r o m  t h e  dam was 

a l s o  mapped  i n  e r r o r .  The c o n t a c t  was e x t e n d e d  s o u t h  t o  t h e  

t h e  f i r s t  s t r e a m  c o n f l u e n c e  wh e r e  P a l e o z o i c  r o c k s  a r e  e x ­

p o s e d .

The dam s i t e  i s  l o c a t e d  on t h e  n o r t h e a s t  f i m b  o f  an 

a n t i c l i n e  t h a t  p l u n g e s  t o  t h e  s o u t h e a s t  ( F i g .  3 ) .  The u p p e r  

p o r t i o n  o f  t h e  Vtn.sden F o r m a t i o n ,  w h i c h  u n d e r l i e s  1 3 - 1 5  p e r ­

c e n t  o f  t h e  w e s t  a b u t m e n t ,  i s  a r e s i s t a n t ,  f i n e - g r a i n e d ,  

w h i t e  t o  h u f f  d o l o m i t e  w i t h  i n t e r b e d d e d  s t r i n g e r s  o f  y e l l o w ­

i s h  w h i t e ,  m e d i u m - g r a i n e d ,  q u a r t  zose  and c a l c a r e o u s



s a n d s t o n e s . A c c o r d i n g  t o  Mc M a n n i s  ( 1 9 5 5 ) ,  t h e  c o n t a c t  b e ­

t w e e n  t h e  Amsden and t h e  Q u a d r a n t  i s  g r a d a t i o n a l .  The 

b o u n d a r y  i s  d r a w n  wh e r e  t h e  s e c t i o n  bec o me s  d c m i n a n t e l y  

s a n d s t o n e .  B o t h  u n i t s  s t r i k e  N 1 0 '  W and  d i p  5 0 '  NE.  The 

Q u a d r a n t  Q u a r t z i t e  makes  up 2 5 p e r c e n t  o f  t h e  f o u n d a t i o n .  

E l s e w h e r e  t h e  Q u a d r a n t  i s  a r e s i s t a n t  c l i f f  f o r m i n g  u n i t ,  

b u t  at  t h e  dam i t  i s  a f r i a b l e ,  med i um g r a i n e d ,  b u f f ,  o u a r t z  

s a n d s t o n e  h e l d  t o g e t h e r  by c a l c a r e o u s  c e m e n t .  The r e m a i n d e r  

o f  t h e  dam i s  f o u n d e d . i n  t h e  t o e  o f  t h e  l a n c s l i d e  d e p o s i t .  

The g r a i n  s i z e s  w i t h i n  t h e  d e p o s i t  r a n g e  f r o m  b o u l d e r  s i z e  

a n g u l a r  b l o c k s  t o  s i l t  s i z e  p a r t i c l e s  d e r i v e d  f r o m  t h e  a n d e ­

s i t e  b r e c c i a .  The b r e c c i a  h a s  a b l o c k y  t e x t u r e  and  i m p a r t s  

a d i s t i n c t i v e  r u s t  c o l o r a t i o n  t o  t h e  l a n d s l i d e  d e p o s i t .
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W i t h  t h e  e x c e p t i o n  o f  t h e  . f a i l u r e  o f  t h e  o u t l e t  p i p e .  

M y s t i c  L a k e  dam has  f u n c t i o n e d  r e l a t i v e l y  w e l l  f o r  t h e  l a s t  

76 y e a r s .  N e v e r t h e l e s s ,  t h e r e  a r e  many p r o b l e m s  a s s o c i a t e d  

w i t h  t h e  d a m . . ' W h e n  v i e w e d  s i n g l y  t h e s e  or  o h l e m s  do n o t  a p ­

p e a r  s i g n i f i c a n t ;  h o w e v e r ,  when p r e s e n t e d  as  a c o m p o s i t e  o f  

i n t e r r e l a t e d . p r o b l e m s  t h e y  w a r r a n t  c a r e f u l  c o n s i d e r a t i o n .  . 

The p r o b l e m s  w i l l  be d i s c u s s e d  i n .  t h r e e  sec t i o n s T  e n g i n e e r ­

i n g  and c o n s t r u c t i o n ,  g e o l o g i c  s t a b i l i t y  a n d  d o w n s t r e a m  

f l o o d  h a z a r d s .

E n g i n e e r i n g  and C o n s t r u c t i o n  .

B u i l d i n g  an e a r t h  dam w i t h  a c o r e  w a l l  i s  no L o n o e r  

c o n s i d e r e d  t o  be a s a f e  e n g i n e e r i n g  p r a c t i c e  ( W i l l i a m s , .  

1 9 5 9 ;  S o w e r s ,  1 9 6 2 ) .  In. f a c t ,  one h a s  t o  I c o k  back  t w e n t y  

y e a r s  i n t o  t h e  l i t e r a t u r e  t o  e v e n  f i n d  m e n t i o n  o f  a m a s o n r y  

c o r e  w a l l .  . O r i g i n a l l y ,  t h e  c o r e  w a l l  was t h o u g h t  t o  be t h e  

p r i n c i p a l  means o f  r e d u c i n g  t h e  f l o w  o f  w a t e r  t h r o u g h  t h e  

dam as w e l l  as p r o v i d i n g  a d d i t i o n a l  s t r u c t u r a l  s t r e n g t h .  

H o w e v e r ,  a c o r e  w a l l  e v e n  2 t o  3 f e e t  t h i c k  can  n q t  w i t h ­

s t and .  t h e  p r e s s u r e s  e x e r t e d  bn t h e  dam ( W i i I i ams ,  1 9 5 9 ) =  

W i l l i a m s  ( 1 9 5 9 ,  p .  4) .  a I so r e p o r t e d  t h a t : . .

I n .  the. c a s e  o f  M y s t i c  L a k e ,  t h e  c o r e  w a l l  i s  
k n own  t o  h a v e  c r a c k e d  b e f o r e  c o n s t r u c t i o n  was com­
p l e t e d . .• The e x t e n t  o f  c r a c k i n g  i s  n o t . k n o w n  . .
h o w e v e r ,  t h e  c o r e  w a l l  mus t  be d i s c o u n t e d ,  as f a r
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as  i m p a r t  i n q  any  s t r u c t u r a l  s t r e n g t h .

The " a d d i t i o n a l  s t r e n g t h " ,  p r o v i d e d  by t h e  c o r e  w a l l  p r o m p t e d  

t h e  e n g i n e e r s  o f  M y s t i c  L a k e  dam t o  b u i l d  t h e  emb an k me n t  

s l o p e s  a t  a much s t e e p e r  a n g l e  ( 2 : 1 )  t h a n  a l l o w e d  by mo d e r n  

s a f e t y  r e q u i r e m e n t s  ( W i l l i a m s ,  1 9 5 9 ) .  F u r t h e r m o r e ,  t h e  c o r e  

w a l l  d o e s  n o t  e x t e n d  t h e  t o t a l  l e n g t h  o r  h e i g h t  o f  t h e  dam 

( F i g .  2 - B  ) . Wher e  t h e  c o r e  w a l l  i s  a b s e n t  n e a r  t h e  e a s t  

a b u t m e n t ,  a s e e p a g e  p r o b l e m  e x i s t s .  Wa t e r  moves  t h r o u g h  t h e  

dam at  a r a t e  w h i c h  v a r i e s  w i t h  t h e  r e s e r v o i r  l e v e l  and 

a c c u m u l a t e s  i n  a d e p r e s s i o n  i m m e d i a t e l y  d o w n s t r e a m  f r o m  t h e  

dam ( F i g . .  2-C ) ( W i l l i a m s ,  1 9 5 9 ;  N o r t h e r n  T e s t i n g  L a b o r a ­

t o r i e s ,  1 9 7 7 ;  CH2M H i l l ,  198 ,0) ' .  • I t  i s  f e a r e d  t h a t  w a t e r  . 

p o n d i n g . i n  such  a way w i l l ,  r a i s e  t h e  p.o.r e - w a t e r  p r e s s u r e  i n  

t h e  f o u n d a t i o n  and  e mb a n k me n t  m a t e r i a l  a no l e a d  t o  t h e  f a i l ­

u r e  o f  t h e  dam (CH2M H i l l ,  1 9 8 0 ) ,

P a r t  o f  t h e  s e e p a g e  p r o b l e m  may a l s o  be due  t o  t h e  l a c k  

q f  " z o n a t i o n "  o f  t h e  e mb an k me n t  m a t e r i a l s  ( W i l l i a m s ,  1 95 9 ) .

A p r o p e r l y  c o n s t r u c t e d  e a r t h  dam s h o u l d  be b u i l t  up  i n  z o ne s  

w i t h  t h e  l e a s t  p e r m e a b l e  m a t e r i a l  at  t h e  c o r e  and I q y e r s  o f .  

p r o g r e s s i v e l y  mo r e  p e r m e a b l e  m a t e r i a l  b u i l t  o u t  t o  t h e  .dam 

f a c e  ( W i l l i a m s , 1 9 5 9 ;  U . S .  B u r e a u  of  R e c l a m a t i o n ,  1 9 7 4 ;  

B a r r o n ,  I 97.7; Wi I.son  and M a r s a l  ,  1 9 7 9 ) .  D r i l l  c o r e s  and  

s e e p a g e  t e s t s  c o n d u c t e d  by  N o r t h e r n  T e s t i n g  L a b o r a t o r i e s
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r e v e a l e d  " p e r m e a b l e  l e n s e s  o r  i n t e r n a l  e r o s i o n  c h a n n e l s "  

w i t h i n  t h e  e mb a n k me n t  m a t e r i a l s  o f  M y s t i c  L a k e  dam ( N o r t h e r n  

T e s t i n g  L a b o r a t o r i e s ,  1 9 7 7 ) .

The f a i l u r e  o f . t h e  o u t l e t  p i p e s  and t h e  r e s u l t i n q  s i n k ­

h o l e  d e v e l o p m e n t  i s  a t t r i b u t e d  t o  t he  d i f f e r e n t i a l  s e t t l e ­

men t  o f  t h e  dam.  I f  t h e ,  s e t t l e m e n t  c o n t i n u e s ,  s u b s e q u e n t  

b r e a k a g e  o f  t h e  o u t l e t  p i p e s  w i l l  c o n t i n u e  and may l e a d  t o  ■ 

t h e  f a i l u r e  o f  t h e  dam ( N o r t h e r n  T e s t i n g  L a b o r a t o r i e s ,  ,1 9 77 ;  

W i l l i a m s ,  197 7 ;  C H2M H i l l ,  I ' 9 8 0 ) .

O v e r t o p p i n g  o f  t h e  dam o r  s p i l l w a y  by u n u s u a l l y  h i g h  

s t o r m  e v e n t s  i s  t h e  s e c o n d  mos t  common c a u s e  o f  dam f a i l u r e s  

i n  t he  U . S .  ( M i d d l e - b r o o k s ,  I 9 5 3 ;  F r e a d  and H a r b a u q h ,  1 97 7 ;  

W i l s o n  and  M a r s a l ,  1 , 979 ) .  I n  c o n d u c t i n g  a s t u d y  on M y s t i c  

L a k e  d am,  CH2 M H i l l  (1 9 8 0 )  e s t i m a t e d  and r o u t e d ,  a p r o b a b l e  

max i mum f l o o d  ( PMF)  t h r o u g h  t h e  r e s e r v o i r .  A PMF i s  t h e  

l a r g e s t  f l o o d  t h a t  c an  r e a s o n a b l y  be e x p e c t e d  f r o m  a c o m b i n ­

a t i o n  o f  t h e  mo s t  s e v e r e  h y d r o l o g i c  and me t e o r o  l o g i c  c o n d i ­

t i o n s '  p o s s i b l e  i n  a g i v e n  r e g i o n  ( Chow,  1 9 6 4 ;  U . S .  Bur  eau  o f  

R e c l a m a t i o n ,  1 9 7 7 ;  CH2M H i l l ,  1 9 8 0 ) .  The p r e c i p i t a t i o n  i n  

t h e  4 . 9  s q u a r e  m i l e  d r a i n a g e  b a s i n  was e s t i m a t e d  t o  be 1 1 . 8  

i n c h e s  i n  6 h o u r s ,  1 5 . 7  i n c h e s  i n  12 h o u r s ,  and 1 8 . 1  i n c h e s  

i n  72 h o u r s ;  I t  . was as s umed  t h a t  t h e  r a i n  f e l l  on s n o w p a c k  

and t h a t  t h e  c o n t r i b u t i o n  o f  s n o w m e l t  t o  r u n o f f  was'  e q u a l  t o
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t h e  r a t e  ’o f  i n f i l t r a t i o n .  The r e s u l t i n g  PMF had  an e s t i r n a — 

, t e d  vo I ume o f  5 x 6 0 0  a c r e - f e e t  and a p e a k  d i s c h a r g e  o f  3 6 x 8 0 0  

c f s .  B e c a u s e  t h e  s p i l l w a y  on t h e  dam h a s  a max i mum c a p a c i t y  

o f  780 c f Sx t h e  dam w o u l d  be o v e r t o p p e d  a f t e r  a p p r o x i m a t e l y  . 

23 p e r c e n t  o f  t h e  PMF had  e n t e r e d  t he  r e s e r v o i r  (CH2M H i l l x  

, 1 9 8 0 ) .

I n  r  e c b e c k i n g  C H2M H i l l ' s  f i g u r e s  a g a i r s t  d a t a  c o n ­

t a i n e d  i n  t h e  U . S .  B u r e a u  o f  R e c l a m a t i d n x  " D e s i g n . o f  S m a l l  

Dams"  ( 1 9 7 7 )  > t h e  PMF i n  t h i s  a r e a  s h o u l d  p r o d u c e  o n l y  14.5/ . .  

i n c h e s  o f  r a i n  i n .  72 h o u r s ;  a v o l u m e  d i f f e r e n c e  o f  1x 82 0  

a c r e - f e e t . Even t h o u g h  t h e s e  new f i g u r e s  r e p r e s e n t  a s i g ­

n i f i c a n t  c h a n g e ,  i n  t h e  , PMFx. i t  mu s t  be  R e c o g n i z e d  t h a t  a 

s t o r m  o f  t h i s  m a g n i t u d e  w o u l d  d e v a s t a t e  t h e  t o wn  o f  Bozeman 

e v e n  w i t h o u t  the. f a i l u r e  o f  t h e  dam;  ..and t h a t  t h e  dam ■ c o u l d  

be o v e r t o p p e d  and  b r e a c h e d  by  a .much s m a l l e r . a n d  mor e  r e a l ­

i s t i c  s t o r m  w i t h  a peak  d i s c h a r g e  g r e a t e r  t h a n  t h e  s p i l l w a y  

c a p a c i t y  ( 7 8 0  c f s ) .

Geo I o g i c S t a b i I i  t y

' T h r e e  f a c t o r s  c o n t r o l l i n g  t h e  g e o l o g i c  s t a b i l i t y  o f  t h e
V  .. , . . . . ' , .

dam a r e  s e i s m i c  h a z a r d s x  t h e  c o n d i t i o n  . of  t h e  f o u n d a t  i o n  x 

and mass  mo v e me n t  n e a r . t h e  .dam s i t e .

T h o u g h  o n l y  a s m a l l ,  p e r c e n t a g e  o f  t he.  dam f a i l u r e s  i n  

t h e  U n i t e d  S t a t e s  h a v e  b een  c a u s e d  by. e a r t h q u a k e s ; :  t h e '  ;
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p r o b l e m-  mu s t  be a d d r e s s e d #  e s p e c i a l l y  i n  a s e i s m i c a l l y  a c ­

t i v e  a r e a .  The U« S. C o a s t  and  G e o d e t i c  S u r v e y  d e l i n e a t e d  

f o u r  l e v e l s  o f  p o t e n t i a l  e a r t h q u a k e  damaqe i n  t h e  U n i t e d -  

S t a t e s  b a s e d  on p a s t  s e i s m i c  a c t i v i t y . ( F i g .  4 ) .  . A l t h o u g h  no. 

s e i s m i c  f r e q u e n c y  - i s  shown on t  he map# m a j o r  - e a r t h q u a k e s  

w o u l d  o c c u r  mor e  o f t e n  i n  t h e  . w e s t e r n  U . S . .  t h a n  i n  t h e  same 

r i s k  z o n e s  i n  t h e  r e s t  o f  t h e  c o u n t r y  ( A l g e r m i s sen and P e r ­

k i n s ,  1 9 7 6 ) .  M y s t i c  L a k e  dam i s  l o c a t e d  i n  a z one  s u ' s c e p t i - - .  

b I e  t o  - ma j o r  e a r t h q u a k e  damage and h as  e x p e r i e n c e d  s e v e r a l  

m a j o r  s h o c k s  i n  i t s  l i f e t i m e #  t h e  l a r g e s t  b e i n g  t h e  Hebgen

La k e .',ea r  t  h qua ke o f  1 9 5 9 .  The b e d r o c k  a c c e l e r a t i o n  at  M y s t i c
■ ■ '  ■ '  - -

L a k e  dam# d u r i n g  t h i s  e v e n t #  was e s t i m a t e d  t o  be g r e a t e r  

t h a n  0 . 2 g  (CH2M H i l l #  1 9 8 0 ) .

The p o t e n t i a l  f o r  damage  f r o m . a n  e a r t h q u a k e  d e p e n d s  on

b o t h  t h e  s i z e  o f  t h e ' s h o c k  and .  t h e , p r o x i m i t y  o f  t h e  e p i c e n e
■ . - ' ' - ■ :

t e r  t o  t h e  dam s i t e .  The p r i n c i p a l  h a z a r d s  t o  an e a r t h  dam.

f r o m  s e i s m i c  a c t i v i t y  i n c l u d e :  f a u l t i n g  o f  t h e  f o u n d a t i o n #

s l i d i n g  o f  t h e  dam e mb a n k me n t  due  t o  an i n c r e a s e  i n  p o r e -

w a t e r  p r e s s u r e  ( l i q u e f a c t i o n ) #  p i p i n g  f a i l u r e s  t h r o u g h
' - -' - . -. . - - - : 

c r a c k s  i n d u c e d  by  g r o u n d  m o t i o n #  a- d e c r e a s e  i n  f r e e b o a r d  on

t h e  dam by .  s e t t l e m e n t  o r  t e c t o n i c  Mo v e me n t #  and o v e r t o p p i n g  I

o f  t h e  dam.  due  t o  s e i c h e s ,  p r o d u c e d  by  g r o u n d  m o t i o n  o r  |

l a n d s l i d e s  e n t e r i n g  t h e  r e s e r v o i r .  ( S h e r a r d  and o t h e r s #  I 0 6 3;  ' I



Major Damage

F i g u r e  4.  S e i s m i c  r i s k  map o f  t h e  U n i t e d  S t a t e s  s h o w i n g  t h e  p o t e n t i a l  f o r 
damage  f r o m  e a r t h q u a k e  a c t i v i t y .  ( A f t e r  A l g e r m i s s e n  a nd  P e r k i n s ,  1 9 7 6 ) .



,H o u s n e rz  1 9 7 7 ) .

The  f a c t  t h a t  M y s t i c  L a k e  d a n . h a s  s u r v i v e d  p r e v i o u s  

s e i s m i c  e v e n t s  s h o u l d  n o t  l e a d  t o  c o m p l a c e n c y  r e g a r d i n g  i t s  

a b i l i t y  t o  w i t h s t a n d  a n o t h e r ,  m a j o r  e a r t h q u a k e .  The c um u I a -  . 

t i v e  e f f e c t s  f r o m  p r e v i o u s  e a r t h q u a k e s  a re u n k n o wn  as a r e  

t h e  m a g n i t u d e ,  l o c a t i o n  and t i m i n g  o f  t h e  nex 't .  e a r t h q u a k e .

I t  has b e e n  e s t i m a t e d  t h a t  t h i s  a r e a  c o u l d  e x p e r i e n c e  a 

s e i s m i c  e v e n t  w i t h  a max i mum M o d i f i e d  M e r c a l l i  i n t e n s i t y  o f  

X,  ( 7 . 3  on t h e  R i c h t e r  s c a l e ) ,  i h t h e  n e x t  TOO y e a r s ,  a n o a- 

h o r i z o n t a l  a c c e l e r a t i o n  o f  0 . 4 g .  has  a 10 p e r c e n t  c h a n c e  o f  

b e i n g  e x c e e d e d  i n  50 y e a r s  (A I q e r m i s s e n  and  P e r k i n s ,  1 9 7 6 ;  

CU? M H i l l ,  1980).  .

Two p r o b l e m s  m e n t i o n e d  p r e v i o u s l y . i n  t he .  e n g i n e e r i n g  

and c o n s t r u c t i o n  s e c t i o n  a r e  w o r t h  r e p e a t i n g  i n  t h e  c o n t e x t  

o f  s e i s m i c  h a z a r d s .  Seepage  w a t e r  p o n d i n g  a t  t he  t oe  o f  t h e  

dam - ( F i  g . 2 - C )  c r e a t e s  a. p o t e n t i a l l y  h a z a r d o u s  s i t u a t i o n .  

D u r i n g  an e a r t h q u a k e , h i g h  p q r e - w a t e r  p r e s s u r e  d e v e l o p s  when 

s a t u r a t e d  m a t e r i a l  i s  s u b j e c t e d  t o - s e v e r e  s h o c k s . .  T h e . r e ­

s u l t i n g  l i q u e f a c t i o n  g r e a t l y  r e d u c e s  t h e  s h e a r  s t r e n g t h  o f  

t h e  e mb a n k me n t  o r  f o u n d a t i o n  m a t e r i a l  and  c a u s e s  i t  t o  

b e h a v e  as a. f l u i d  ( S e e d ,  1 9 7 3 ;  W i l s o n  and  Ma r s a  I > 1 9 7 9 ) .

The o t h e r  p r o b l e m ,  d i f f e r e n t i a l  s e t t l e m e n t ,  i s  i n t e n s i f i e d  

by t h e  g r o u n d  m o t i o n  i n d u c e d  by e a r t h q u a k e s .  ■ S h e r a r d
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( 1 9 7 3 ,  p .  3 43 )  r e p o r t e d :

F o r  a dam t h a t  i s  u n d e r g o i n g  r e l a t i v e l y  l a r g e  bu t  
s l o w  d i f f e r e n t i a l  s e t t l e m e n t ,  e v e n  m o d e r a t e  e a r t h ­
q u a k e  s h a k i n g  c o u l d  be s u f f i c i e n t  t o  c a u s e  a b r u p t  
o p e n i n g  o f  c r a c k s ,  A c o m b i n a t i o n  o f  m o d e r a t e  d i f ­
f e r e n t i a l  s e t t l e m e n t  and  a m o d e r a t e  e a r t h q u a k e  
c o u l d  r e s u l t  i h  l a r g e  c r a c k s .

T h i s  i m p l i e s  t h a t  d i f f e r e n t i a l  s e t t l e m e n t  o f  M y s t i c  L a k e  dam 

may n o t  o n l y  be c a u s e d  by  e a r t h q u a k e  a c t i v i t y ,  b u t  may 

a m p l i f y  t h e  p o t e n t i a l  h a z a r d s  i n  t h e  e v e n t  o f  an e a r t h q u a k e .

The  mos t  i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  s t a b i l i t y  o f  

a dam s i t e  i s  t h e  g e o l o g i c  s t a b i l i t y  o f  t h e  f o u n d a t i o n  

(AS CE,  1 975 ) .  D u r i n g  a d r i l l i n g  p r o g r a m  p e r f o r m e d  by N o r t h ­

e r n  T e s t i n g  L a b o r a t o r i e s  i n  1 9 7 7 ,  two d r i l l  h o l e s  and f o u r  

p r o b e  h o l e s  w e r e  b o r e d  i n t o  t h e  f o u n d a t i o n  c f  t h e  dam. 

S t a n d a r d  p e n e t r a t i o n  r e s i s t a n c e  t e s t s ,  w e r e  c o n d u c t e d ,  sam­

p l e s  o f  t h e  e mb a n k me n t  and f o u n d a t i o n  m a t e r i a l  we r e  c o r e d ,  

and p e r m e a b i l i t y  and  pump t e s t s  we r e  p e r f o r m e d .  These  t e s t s  

r e v e a l  t h a t  t h e  u p p e r  d o l o m i t e  u n i t  o f  t h e  Amsden F o r m a t i o n ,  

w h i c h  makes  up 15 p e r c e n t  o f ' t h e  we s t  a b u t m e n t ,  i s  f r a c t u r e d  

and d e e o l . y  w e a t h e r e d .  The Q u a d r a n t  Q u a r t z i t e ,  w h i c h  u n d e r ­

l i e s  t h e  r e m a i n d e r  o f  t h e  w e s t  a b u t m e n t ,  was  r e p o r t e d  by 

N o r t h e r n  T e s t i n g  L a b o r a t o r i e s  ( 1 9 7 7 ,  p .  2) to.  b e :

p a r t i a l l y  t o  c o m p l e t e l y  d e c o mp o s e d  t o  a m e d i u m -  
. g r a i n e d  qua r t  z os e  sand  a t  t h e  c o n t a c t  ,  b e c o m i n g  

s o me w h a t  mor e  m a s s i v e  w i t h  d e p t h .  The d e c o mp o s e d  
a n d  f r a c t u r e d  a r e a s  a r e  v e r y  p e r m e a b l e  as
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e v i d e n c e d  by  pump t e s t s  c o n d u c t e d  i n  t h e  f o u n d a ­
t i o n  b e d r o c k ,  ■

The r e m a i n i n g  50 t o  60 p e r c e n t  o f  t h e  d a m ' s  f o u n d a t i o n  and

t h e  e n t i r e  e a s t  a b u t m e n t  i s  l o c a t e d  i n  t h e  l a n d s l i d e  d e b r i s .

See p ag e  n e a r  t h e  e a s t  a b u t m e n t  a t t e s t s ,  t o  t h e  p e r m e a b i l i t y

o f  t h e  s l i d e  d e b r i s . . .  The d a m ’ s f o u n d a t i o n  i s  ne t .  a n c h o r e d  .

i n  s o l i d ,  i m p e r m e a b l e  b e d r o c k ;  t h e  m a t e r i a l s  p r e s e n t  a t  t h e

dam s i t e  a r e  a l l  f r a c t u r e d ,  w e a t h e r e d ,  and e x h i b i t  h i g h

p e r m e a b i l i t y .  A c c o r d i n g  t o  ASCE ( 1 9 7 5 ,  p.  8 8 ) :

l e a k a g e  i n  t h e  f o u n d a t i o n  and  e m b a n k m e n t  a r e  t he  
mo s t  f r e q u e n t  ■ c a u s e  o f  f a i l u r e s  and a c c i d e n t s ,  
e v e n  t o  mo d e r n  d a ms .

S i n c e  o v e r  h a l f  t h e  dam i s  f o u n d e d  i n  a r e c e n t  l a n d ­

s l i d e ,  i t  i s  i m p e r a t i v e  t o  e x a m i n e  t h e  dam s i t e  f o r  e v i d e n c e  

o f  r e c e n t . m a s s  m o v e m e n t . The l a n d s l i d e  at  t h e  e a s t  a b u t m e n t  

o f  t h e  dam a p p e a r s  t o  be r e l a t i  v e l y  s t a b l e  . T r e e s  g r o w i n g  

i n  t h e  d e p o s i t  a r e  s t r a i g h t  and show no s i g n s  o f  r e c e n t  

m o v e m e n t .  H o w e v e r ,  i n  t h e  t o e  o f  t h e  l a n d s l i d e  d o w n s t r e a m  

f r o m  t h e .  dam and i n  t h e  b o d y  o f  t h e  l a n d s l i d e  e a s t  o f  ' t he  

dam,  a r e  n u m e r o u s  i n d i c a t i o n s  o f  r e c e n t ,  s m a l l  s c a l e  mass 

m o v e m e n t . R o t a t e d  b l o c k s  w i t h ,  t r e e s  l e a n i n g  u p h i l l  a l o n g  

s l u m p  s c a r p s  a r e  v i s i b l e  as  w e l l  as .  " p i s t o l  - h  u t  t e  d "  t r e e s  

c a u s e d  by  s u r f a c e  c r e e p  i n  t h e  s l i d e  d e p o s i t .  A l l  o f  t h e s e  

f e a t u r e s  o r e s e n t  on a s m a l l  s c a l e ,  i n d i c a t e ,  t h a t  t h e  s l i d e ,  

i s  n o t  i n  f u l l  e q u i l i b r i u m .  The s l u mp  s c a r p s  b e l o w  t h e  da nr
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r a n g e  i n  h e i g h t ,  f r o m  2 t o  25 f e e t  and a r e  d e p i c t e d  i n  f i g ­

u r e  5.  T r e e  c o r i n g  t o  d e t e r m i n e  t h e  age o f  t h e  t r e e s  w i t h  

r e s p e c t  t o  t h e  s c a r p  movement  was i n c o n c l u s  i v e .  ' H o w e v e r ,  

s e v e r a l  o f  t h e  v e g e t a t e d  s c a r p s  f o l l o w  t h e  t r e n d  o f  t h e  

r o a d w a y  and  w o u l d  a p p e a r  t o  be r e l a t e d  t o  r e a d  c o n s t r u c t i o n .

I f t h i  s i s  t r u e /  t h e s e  s c a r p ' s  a r e  y o u n g e r . t h a n  t h e  dam.  The 

l a c k  o f  v e g e t a t i o n  on s c a r p s  A and 8 ( F i g . 5)  i n  t u r n  s u g ­

g e s t s  t h a t  t h e y  a r e  y o u n g e r  t h a n  t h e  v e g e t a t e d  s c a r p s .  The 

f a c t  t h a t  s c a r p s  A and B p a r a l l e l  t h e  dam and a r e  s i t u a t e d  

b e l o w  t h e  s e e p a g e  w a t e r  pond  ( F i g .  .5) i m p l i e s  t h a t  i n c r e a s e d  

p o r e - w a t e r  p r e s s u r e  i n  t h e  s l i d e ;  m a t e r i a l  m?y h a v e  t r i g g e r e d  

t h e  l a t e s t  mass, movement  . . The p r e s e n c e  o f  t h e s e  s c a r p s  

d i r e c t l y  b e l o w  t h e  dam r a i s e s  s e r i o u s . q u e s t i o n s  as t o  t h e  

s t a b i l i t y  and s a f e t y  o f  t h e  dam.

Dow n s t r e a m  F l o o d  H a z a r d s  "

. ' Wi t h  t h e  n u m b e r  o f  h o u s i n g  d e v e l o p m e n t s  i n c r e a s i n g  on 

t h e  f l o o d p l a i n  o f  Bozeman C r e e k ,  t h e  p o t e n t i a l  f o r  damage 

f r o m  t h e  f a i l u r e  o f  M y s t i c  L a k e  dam i s  a l s o  i n c r e a s i n g .

, P r e s e n t l y ,  t h e r e  a r e  50 r e s i d e n t i a l  d w e l l i n g s  and 2 b u s i n e s -  "  

ses  on t h e  e a s t  s i d e  o f  t o w n  t h a t  are a f f e c t e d . -  by t h e  1 0 0 -  \

y e a r  f r e q u e n c y  f l o o d ,  ( o n e  p e r c e n t ,  c h a n c e  of .  o c c u r i n g  Vn * 

g i v e n  y e a r )  ( U . S .  S o i l  C o n s e r v a t i o n  S e r v i c e ,  1 9 R 0 ) . ,

I n  a l e t t e r  t o  t h e  C o r p s  o f  E n g i n e e r s , i n c l u d e d  i n .



spillway

F i g u r e  5.  L o c a t i o n  map o f  s l u m p  s c a r p s  i n  t h e  t o e  o f  t h e  
l a n d s l i d e  b e l o w  t h e  dam. S c a r p s  A and B a r e  u n v e q e  t a t e d #  
a l l  o t h e r s  a r e  v e g e t a t e d .  H a c h u r e s  d e n o t e  d o w n t h r o w n  
b l o c k s .  S l u mp  s c a r p s  a r e  a t t r i b u t e d  t o  i n c r e a s e d  p o r e -  
p r e s s u r e  f r o m  t h e  s e e p a g e  w a t e r  p o n d .
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a p p e n d i x .  4 o f  t h e  CH2M H i l l  r e p o r t  ' M  9 8 0 ) /  Rozeman- C i t y  

E n g i n e e r ,  A r t  Va n 1 t Hu l  p r o p o s e d  t h a t  t h e  f a i l u r e  o f  t h e  dam 

w o u l d  n o t  c a u s e  e x t e n s i v e  p r o p e r t y  damage o r  l o s s  o f  I i t e  

b e c a u s e :

t h e  a r e a  i m m e d i a t e l y  d o w n s t r e a m  o f  t h e  mo u t h  -of  
t h e -  c a n y o n  o p e n s  up o n t o  f l a t  a l l u v i a l  f a n s  t h a t  
w o u l d  s p r e a d  a ny  w a t e r s  o v e r  a f a i r l y  w i d e  a rea . .

S e v e r a l  c a n y o n s  a l o n g  t h e  G a l l a t i n  Range  f r o n t  have  a l l u v i a l  

f a n s ,  b u t  Rozeman C r e e k  i s  n o t  one  o f  t hem. -  The s t r e a m  s y s ­

tem has e n t r e n c h e d  i t s e l f  i n t o  wh a t  may h a v e  b ee n '  an a I l u v i r  

a I f a n ,  b u t  i s  p r e s e n t l y  u n r e c o g n i z a b l e  as s u c h . -  From t h e  

mo u t h  o f  t h e  c a n y o n ,  Bozeman Cr e e k  i s  i n c i s e d  i n t o  a n a r r o w  

f l o o d p l a i n  t h a t  w o u l d  r e s t r i c t  t h e  f l o w  o f  w a t e r  r a t h e r  t h a n  

a l l o w  i t  t o  s p r e a d  o u t  as  V a n 11 Hu l  has.  p r o p o s e d .

T h e r e  a r e  17 b r i d g e s  and  c u l v e r t s  t h a t  c o n v e y  t h e  f l o w  

o f  w a t e r  w h e r e  r o a d s  o r  b r i d g e s  a r e  c o n s t r u c t e d  a c r o s s  Hoze 

- man  C r e e k .  O f . t h e  1 7 ,  o n l y  4 do n o t  f l o w  a t  c a p a c i t y  d u r i n g  

t h e  1 0 0 - y e a r  e v e n t ,  9 f l o w  a t  c a p a c i t y  and 4 a r e  o v e r t o p p e d  

by t h e  same f r e q u e n c y  f l o o d  ( U. S. S o i l  C o n s e r v a t i o n  S e r v i c e ,  

1 .9 7 2 ) .  Th e s e  e s t i m a t e s  we r e  made a s s u m i n g  t h a t  t h e  f l o w  

t h r o u g h  t h e  c u l v e r t s  w o u l d  n o t  he b l o c k e d  by  i c e  o r  o t h e r  

d e b r i s .  Any r e s t r i c t i o n s  a t  t h e  b r i d g e s  o r  c u l v e r t s  c o u l d  

c a u s e  m a j o r  f l o o d  damage t o  t h e  a r e a s  u p s t r e a m -  f r o m  t h e s e  

c o n s t r i c t i o n s  ( U . S .  S o i l  C o n s e r v a t i o n  S e r v i c e ,  1 9 7 2 ) .



S e v e r a l  m a j o r  e a s t - w e s t  r o a d s  s o u t h ,  o f  t o w n  h a v e  been  c o n ­

s t r u c t e d  a b o v e  t h e  e l e v a t i o n  o f  t h e  f l o o d p l a i n .  S i n c e  t h e  

c u l v e r t s  and  b r i d g e s  a t  t h e s e  c r o s s i n g s  a r e  n e t  d e s i g n e d  t o  

h a n d l e  l a r g e  f l o o d  e v e n t s ,  w a t e r  w i l l  b a c k  u p ,  f l o o d i n g  t h e  

a r e a  u p s t r e a m  u n t i l  t h e  r o a d w a y  i s  o v e r t o p p e d .

A c o m b i n a t i o n  o f  t h e  h o u s i n g  d e v e l o p m e n t s  s o u t h  o f  

t o w n ,  t h e  l a c k  o f  an  a l l u v i a l  f a n  at  t h e  c a r , y e n  mo u t h#  and 

t h e  n u m b e r  o f  l o w  c a p a c i t y  b r i d g e s  a nd  c u l v e r t s  c o n v e y i n g  

t h e  f l o w  o f  w a t e r  i n . B o z e m a n  C r e e k  ,  w o u l d  c r e a t e  a p o t e n ­

t i a l l y  h a z a r d o u s  s i t u a t i o n  i f  t h e  dam f a i l e d .

A s i g n i f i c a n t  b o d y  o f  e v i d e n c e  p o i n t s  t o  t h e  i n s t a b i l ­

i t y  o f  M y s t i c  L a k e  .dam and  t o  t h e  s e v e r e  p o t e n t i a l  t i t  

p r o p e r t y  damage and l o s s  o f  l i f e  i n  t h e .  e v e n t  o f  t h e  dam s 

f a i l u r e .  The r e m a i n d e r  o f  t h i s  p a p e r  i s  d e v o t e d  t o  d e s c r i b ­

i n g  a m o d e l  t o  p r e d i c t  t h e  e x t e n t  of  f l o o d i n g  f r o m  t he  f a i l ­

u r e o f  t h e  dam
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I n t  r o d u c t  i on

The i m p l e m e n t a t i o n  o f  a mo d e l  t o  s i m u l a t e  t h e  f a i l u r e  

o f  t he  dam and t h e  mov emen t  o f  t h e  f l o o d w a v e  r e o u i r e s  meas 

u r e m e n t s  o r  e s t i m a t e s  ( wh e n  m e a s u r e m e n t s  a r e  n o t  p o s s i b l e )  

o f  t h e  b e h a v i o r  o f  t h e  r e a l  s y s t e m .  The r e a l  s y s t e m  can 

n e v e r  be m e a s u r e d  c o m p l e t e l y ,  and f o r  t h a t  r e a s o n  a m o d e l ,  

no. m a t t e r  how d e t a i l e d ,  c an  n e v e r  f u l l y  s i m u l a t e  t h e  r e a l  

s y s t e m  ( Z e i g l e r ,  1 9 7 6 ) .  A b a l a n c e  mus t  be r e a c h e d  b e t w e e n  

t h e  c o s t  o f  d a t a  c o l l e c t i o n ,  mode l  i m p l e m e n t a t i o n ,  and t h e  

d e s i r e d  a c c u r a c y  o f  t h e  m o d e l .  The c o m b i n a t i o n  o f  t h e  b e s t  

a v a i l a b l e  mo d e l  and a r e a l i s t i c  s e t  o f  d a t a  r e q u i r e m e n t s ,  

i n s u r e s  t h e  b e s t  p o s s i b l e  a p p r o x i m a t i o n  o f  t h e  r e a l  s y s t e m .

M o d e l s  can be b r o k e n  i n t o  t h r e e  b a s i c  g r o u p s  : p h y s i c a l  

s y m b o l i c ,  and a n a l o g .  A. p h y s i c a l  mode l  i s  a r e p r e s e n t a t i o n  

o f  t he  r e a l  s y s t e m  by a l o o k - a l i k e  mo d e l  t h a t  s h a r e s  d y n a m ­

i c a l l y  s i m i l a r  c h a r a c t e r i s t i c s  w i t h  t h e  n a t u r a l  s y s t e m  < us u 

a l l y  w i t h  a r e d u c t i o n  i n  s c a l e ) .  A s y m b o l i c  mode l  a p p r o x i ­

ma t e s  t h e  r e a l  s y s t e m  by a " m a t h e m a t i c a l  d e s c r i p t i o n  o f  an 

i d e a l i z e d  s i t u a t i o n  t h a t  s h a r e s  some s t r u c t u r a l  p r o p e r t i e s  

o f  t he  r e a l  s y s t e m "  ( M i l l e r  and Wool  h i se r ,  .1975 ,  p .  i 6 7 ) .

An a n a l o g  mode l  i s  a h y b r i d  b e t w e e n  a p h y s i c a l  and a s y m b o l  

i c  m o d e l .  The r e a l  s y s t e m  i s  d e p i c t e d  by a n e t w o r k  o f  e l e c  

' t r o n i c  c i r c u i t s  a r r a n g e d  i n  a c c o r d a n c e  t o  e c u a t  i o n s  f r o m
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e l e c t r o n i c  t h e o r y ,  a n a l o g o u s  t o  t h e  e q u a t i o n s , f r o m  a s y m b o l ­

i c  mode l  ( C h o w ,  ' 1 9 6 4 ) . .

S i n c e  a l l . t h r e p  t y p e s  o f  mo d e l s  h a v e  b o t h  m e r i t s  and 

d r a w b a c k s ,  wha t  co’h s t  i  t.u' t  es.  " t h e  b e s t  a v a i l a b l e  m o d e l "  d e ­

p e n d s  h e a v i l y  on t h e  a v a i l a b i l i t y  of  e q u i p m e n t ,  p r e v i o u s  e x ­

p e r i e n c e  o f  t h e  m o d e l l e r ,  and  t h e  c o s t  o f  i m p l e m e n t a t i o n  i n  

t i m e  and  mo n e y .  A s y m b o l i c  mode I i s  c o n s i d e r e d  t h e  b e s t  

c h o i c e  f o r  t h i s  s t u d y  b a s e d  pn  t h e  f o l l o w i n g  r e a s o n s :  t h e  

a v a i l a b i l i t y  o f  a d i g i t a l  c o m p u t e r ;  p r e v i o u s  e x p e r i e n c e  w i t h  

FORTRAN p r o g r a m m i n g ;  t h e  l a c k  o f  e x p e r i e n c e  and e q u i p m e n t  t o  

g e n e r a t e  an a n a l o g  model , "  and  t h e  f o r  see n d i f f i c u l t i e s  i n  

r e p r o d u c i n g  an a c c u r a t e  s c a l e  p h y s i c a l  m o d e l .

The  d e s c r i p t i o n  o f  t h e  mo d e l  i s  b r o k e n  i n t o  t wo  c o mp o n ­

e n t s .  The f i r s t  s i m u l a t e s  t h e  d e v e l o p m e n t  o f  a t i m e - d e p e n d ­

e n t  b r e a c h  and t h e  r e s u l t i n g  o u t f l o w  h y d r o g r a p h .  The s e c o n d  

c o m p o n e n t  s i m u l a t e s  t h e  mo v emen t  o f  t h e  f l o o d w a v e  t h r o u g h  

t h e  c h a n n e l  d o w n s t r e a m  f r o m  t h e  dam.  ■ y '

Dam F a i l u r e

T h i s  p o r t i o n  o f  t  h.e mo d e l  i s  a l s o  s u b d i v i d e d  i n t o  t wb. 

s e c t i o n s .  The f i r s t  d e a f  s w i t h  t  he d e v e  I o pmen t  o f  , the 

b r e a c h  and  t h e  s e c o n d  a p p r o x i m a t e s  t h e  o u t  f  I  oiw -hy d r o g r  a,ph 

t h r o u g h  t h e  b r e a c h .



B r e a c h  d e v e l o p m e n t .  A b r e a c h  i s  t h e  o p e n i n g  c r e a t e d  by 

t h e  f a i l u r e ,  o f  a dam- t h r o u g h  w h i c h  i m p o u n d e d  w a t e r  e s c a p e s .  . 

T h e r e  a r e  t wo  m a j o r  t y p e s  o f  b r e a c h e s 1— s u r f a c e  and deep  

( Y e v j e v i c h z  1 9 7 5 ) .  A s u r f a c e  b r e a c h  i s  an o p e n i n g  e r o d e d  

i n  t o . t h e  c r e s t  o f  t h e  dam t h a t  a l l o w s  f r e e - s u r f a c e  f l o w  t o  

t a k e  p l a c e ,  ( t h e  f r e e - s u r f a c e  b e i n g  t h e  a i r - w a t e r  i n t e r f a c e )  

( Chow,  1 9 6 4 ) .  A d e e p  b r e a c h ,  i n v o l v e s  f l o w  u n d e r  p r e s s u r e  

t h r o u g h  an op.eni  n.g b e l o w  t h e  s u r f a c e  o f  t h e  r e s e r v o i r .  The 

t y p e  o f . b r e a c h  i s  g e n e r a l l y  d e t e r m i n e d  by  t h e  mode o f  f a i l ­

u r e .  S u r f a c e  b r e a c h e s  a r e . a s s o c i a t e d  w i t h  o v e r t o p p i n g  o f  

t he .  dam b y  r a i n  s t o r m s ,  s e i s m i c a l l y  i n d u c e d ,  s e t t l e m e n t  dr -  

s e i c h e s .  Deep b r e a c h e s  a r e  c a u s e d  by p i p i n g  o f  t h e  e m b a n k ­

men t  m a t e r i a l  o r  f a i l u r e  o f  t h e  o u t l e t  w o r k s  ( Y e v j e v i c h ,  

1 9 7 5 ) . .  B e c a u s e  . o f  t h e  c o m p l e x  n a t u r e  o f  d e e p  b r e a c h e s ,  o n l y  

a s u r f a c e  b r e a c h  i s  s i m u l a t e d  i n  t h i s -  s t u d y .  The h y p o t h e t i ­

c a l  f a i l u r e  i s  i n d u c e d  by  o v e r t o p p i n g  o f  t h e . d a m , b y  a r a i n  

s t o r m  p r o d u c i n g  a d i s c h a r g e  i n t o  t he  l a k e  g r e a t e r  t h a n  t h e  

s p i l l w a y  c a p a c i t y  ( 780 c.f s ) . The r e s e r v o i r  i s  assumed t o  be 

at  c a p a c i t y  a t  t h e  t i m e  o f .  f a i l u r e .  S i n c e  i t  i s  i m p o s s i b l e ,  

•to a c c u r a t e l y  p r e d i c t  t h e .  shape ,  o f  t h e  b r e a c h  i t  i s  as s umed  

t o  t a k e  on a t r i a n g u l a r  f o r m  w i t h  s i d e  s l o p e  o f  I .  t o .  I .

Ev e n  t h o u g h  mos t  b r e a c h e s  d e v e l o p  by. p r o g r e s s i v e  

e r o s i o n  ( Y e v j e v i c h ,  1 975 1 F r e a d ,  1 9 7 8 ) ,  t h e  m a j o r i t y  o f
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m o d e l l e r s  h a v e  a s s umed  t h e  b r e a c h  t o  be i n s t a n t a n e o u s  and 

c o m p l e t e  ( e n c o m p a s s i n g  t h e  e n t i r e  d a m ) ,  ( S t o k e r ,  19 4 F ; 1 95 7;  

D r e s s i e r ,  1 9 5 4 ;  U. S .  Ar my  C o r p s  o f  E n g i n e e r s ,  1 9 5 7 ;  I 9 6 0 ; .

19 6 1 ;  V a s i  I i e v ,  1 9 7 0 ;  T h o m a s ,  1 9 7 2 ;  Sa k k a s  and S t r e l k o f f ,

19 7 3 ;  Y e v j e v i c h ,  1 9 7 5 ;  G l a s s  and o t h e r s ,  1 976, '  G u n d l a c h  and 

T h o m a s ,  1 9 7 7 ;  Ra j a r ,  1978,* U . S.  S o i l  C o n s e r v a t i o n  S e r v i c e ,  

1 9 7 9 ) .  The a s s u m p t i o n  o f  a c o m p l e t e  and i n s t a n t a n e o u s  

b r e a c h ,  w h i l e  b e i n g  a t t r a c t i v e  f o r .  m a t h e m a t i c a l  s i m p l i c i t y ,  

i s  n o t  r e a l i s t i c  f o r  t h e  s i m u l a t i o n  o f  mo s t  dam f a i l u r e s .

T h i s  i s  e s p e c i a l l y  t r u e  i n  t h e  c a s e  o f  e a r t h - f i l l  dams
"

w h i c h  r e q u i r e  a f i n i t e  a m o u n t  o f  t i m e  f o r  t h e  b r e a c h  t o  

a t t a i n  i t s  f i n a l  s i z e  CF r e a d ,  1 9 7 8 ) .  O t h e r  i n v e s t i g a t o r s  

•(■ B a l l o f f e t  and o t h e r s ,  1 97 4 ; F r e  a d ,  I 9 7 8 ;  I 9 8 0 ; ,  F r e a d  and 

Har  b a u g h ,  1 973. )  ,  w h i l e  r e c o g n i z i n g  t h e  i m p o r t a n c e  o f  t i m e  i n  

t h e  d e v e l o p m e n t  o f  t h e  b r e a c h ,  as s umed  a c o n s t a n t  r a t e  o f  

e r o s i o n .

I n  t h i s  mo o e l  t h e  r a t e  o f  b r e a c h  e r o s i o n  i s  assumed t o  

i n c r e a s e  e x p o n e n t i a l l y  as a f u n c t i o n  o f  t i m e .  F i g u r e  6 

i l l u s t r a t e s  t h e  d e v e l o p m e n t  o f  a t i m e - d e p e n d e n t ,  t r i a n g u l a r  

s u r f a c e  b r e a c h .  The a r e a  o f  t h e  b r e a c h  a t  any  t i m e  s t e p ,  

may be e x p r e s s e d . a s :

"  • Z
A r e a  '= B r e a c h  D e p t h '  ( 1 )



T = Time
BDn= Breach Depth 
BAn= Area

no<sD

F i g u r e  6.  E r o s i o n a l  d e v e l o p m e n t  o f  a t r i a n g u l a r  s u r f a c e  b r e a c h  t h r o u g h  t i m e .  
The b r e a c  n d e p t h  ( BD)  i n c r e a s e s  l i n e a r l y  w i t h  t i m e  w h i l e  t h e  b r e a c h  a r e a  ( BA)  
i n c r e a s e s  e x p o n e n t i a l l y  as a f u n c t i o n  o f  d e p t h ,  (BA = BC2 ) .
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The b r e a c h  a r e a ,  t h e r e f o r e ,  i n c r e a s e s  e x p o n e n t i a l l y  as a 

f u n c t i o n  o f  d e p t h .  The b r e a c h  d e p t h ,  on t h e  o t h e r  h a n d , 

i n c r e a s e s  l i n e a r l y  as a f u n c t i o n  o f  t i m e :

B r e a c h  De p t h  = T i me  x Dam H e i g h t / F a i l u r e  T i me  ( 2 )

w h e r e  t h e  r a t i o  o f  Dam H e i g h t / F a i l u r e  T i me  e s t a b l i s h e s  t h e .  

r a t e  o f  c h a n g e  o f  t h e  b r e a c h  d e p t h  i n  f e e t / s e c .  The max i mum 

d i m e n s i o n s  o f  t h e  b r e a c h  a r e  g o v e r n e d  by  t h e  dam h e i g h t  o r  

t h e  d e p t h  t o  b e d r o c k .  I t  i s  assumed  t h a t  o nc e  t h e  base  o f  

t h e  b r e a c h  has  r e a c h e d  b e d r o c k  d b w n c u t t i n g  w i l l  c e a s e .  L a t ­

e r a l  e r o s i o n  w o u l d  c o n t i n u e  u n t i l  t h e  f l o w  v e l o c i t y  i n  t h e  

b r e a c h  d e c r e a s e d .  H o w e v e r ,  f o r  s i m p l i c i t y ,  t h i s  f a c t o r  i s  

i g n o r e d .  The f a i l u r e  t i m e  f o r  M y s t i c  L a k e  dam,  u s e d  i n  

e q u a t i o n  2 ,  i s  e s t i m a t e d  t o  be i n  t he  r a n g e  o f  5 to.  10 m i n ­

u t e s ,  b a s e d  on t h e  f o l l o w i n g  e v i d e n c e .  B u f f a l o  Cr eek  d a m, 

an e a r t h - f i l l  s t r u c t u r e  o f  c o m p a r a b l e  s i z e ,  was o v e r t o p p e d  

by a r a i n  i n d u c e d  f l o o d  and f a i l e d  i n  a p p r o x i m a t e l y  5 m i n ­

u t e ' s  ( F r e a d y  1 9 7 8 ) .  A l s o  a c c o r d i n g  t o  F o s t e r  (CH2M H i l l ,  

1 9 8 0 ,  p .  v ) ,  " t h e  dam i s  c o n s t r u c t e d  of  m a t e r i a l s  t h a t  w o u l o  

q u i c k l y  e r o d e  and  f a i l  when o v e r t o p p e d  by  f l o o d - w a t e r s . "  

Bas e d  on t h e s e  t wo  l i n e s  o f  e v i d e n c e  t h e  e s t i m a t e d  f a i l u r e  

t i m e  seems r e a s o n a b l e .
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B r e a c h  h y d r o g r a p h .  . The d i s c h a r g e  f r o m  a b r e a c h e d  dam 

p l o t t e d  as  a f u n c t i o n  o f  t i m e  i s  known as a b r e a c h  

h y d r o g r a p h .  I n  o r d e r  t o  show t h e  e f f e c t s  o f  f l o o d i n g  f r o m  

t h e  f a i l u r e  o f  M y s t i c  L ak e  dam,  a b r e a c h  h y d r o g r a p h  mus t  be 

g e n e r a t e d .

P r e v i o u s  i n v e s t i g a t o r s  have  as sumed  t h e  f l o w  t h r o u g h  a 

b r e a c h e d  dam c o u l d  be a p p r o x i m a t e d  by t h e  e q u a t i o n s  d e s c r i b  

i n g  b r o a d - c r e s t e d  w e i r  f l o w  ( U . S .  Co r ps  o f  E n g i n e e r s ,  1957 ,' 

I 960 , '  1961, '  F r e a d ,  1 9 7 8 ;  1 980, ' .  F r e a d  and H a r b a u g h ,  1 97 3 ) . .

A m a j o r . p r o b l e m  w i t h  t h i s  a s s u m p t i o n  i n v o l v e s  t h e  l e n g t h  o f  

t h e  w e i r  f l o w  c h a n n e l .  The b r e a c h  c h a n n e l  n o t  o n l y  i n ­

c r e a s e s  i n  d e p t h  t h r o u g h  t i m e ,  b u t  i n c r e a s e s  i n  l e n g t h  as 

w e l l ;  e v e n t u a l l y  a t t a i n i n g  a l e n g t h  g r e a t e r  t h a n  ?00 f e e t .  

A c c o r d i n g  t o  T r a c y  ( 1 9 5 7 ,  p .  2 ) :

f o r  v e r y  s m a l l  h e a d - t o - l e n g t h  r a t i o s , ,  t h e  w e i r  
c r e s t  bec o me s  a r e a c h  o f  o p e n  c h a n n e l  i n  w h i c h  
f r i c t i o n a l  r e s i s t a n c e  p r e d o m i n a t e s ,  a n d  f o r  w h i c h  
t h e  d i s c h a r g e  i s  mo r e  p r o p e r l y  e v a l u a t e d  by  one  o f  
t h e  o pen  c h a n n e l  f l o w  f o r m u l a s  t h a n  by  a w e i r  
f o r m u l a .

The f l o w  t h r o u g h  a b r e a c h e d  dam. i s  c l a s s i f i e d  as g r a d ­

u a l l y  t o  r a p i d l y - v a r i e d ,  u n s t e a d y  f l o w  b e c a u s e  t h e  v e l o c i t y  

v a r i e s  w i t h ,  t i m e  and  s p a c e . H o w e v e r ,  f o r  s i m p l i c i t y ,  u n ­

s t e a d y  f l o w  can be t r e a t e d  as s t e a d y  f l o w  i f  t h e  c h a n g e  i n  

t h e  f l o w  c o n d i t i o n s  o v e r  t h e  t i m e  s t e p  i s  n e g l i g i b l e .  ( C h o w ,
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1 9 5 9 ) .  M a n n i n g ' s  e q u a t i o n  f o r  s t e a d y  f l o w ,  u s e d  i n  t h i s  

mo d e l  t o  a p p r o x i m a t e  t h e  o u t f l o w  f r o m  t h e  b r e a c h #  i s  w r i t t e n  

a s :

Q 1 .4 9
.. n

3 S1Z2
( 3 )

w h e r e  Q i s  t h e  d i s c h a r g e #  A i s  t h e  c r o s s - s e c t i o n a l  a r e a #  P 

i s  t h e  h y d r a u l i c  r a d i u s #  S i s  t h e .  c h a n n e l  s l o p e #  and. n  i s -  

t h e  M a n n i n g ’ s r o u g h n e s s  c o e f f i c i e n t s .

U s i n g  M a n n i n g ' s  e q u a t i o n #  t h e  d i s c h a r g e  i s  c a l c u l a t e d  

as a f u n c t i o n  o f  t h e  e f f e c t i v e  a r e a  o f  f l o w  i n  t h e  b r e a c h . .  

As t h e  b r e a c h  a r e a  i n c r e a s e s #  t h e  d i s c h a r g e  o f  w a t e r  e s c a p ­

i n g  t h r o u g h  t h e  b r e a c h  i n c r e a s e s  as w e l l #  c a u s i n g  t h e  l a k e

l e v e l  . in.  t h e  r e s e r v o i r  t o  d e c r e a s e .  F i g u r e  7 i l l u s t r a t e s

2
t h e  d e v e l o p m e n t  o f  t h e  b r e a c h  a r e a  ( B D ) a nd  t h e  d r o p  i n  t h e  

l a k e  l e v e l  ( AL )  as a f u n c t i o n  o f  t i m e .  The d i f f e r e n c e  be ­

t w e e n  t h e  e l e v a t i o n  o f  t h e  l a k e  l e v e l  and  t h e  b a s e  o f  t h e  

b r e a c h #  a t  a g i v e n  p o i n t  i n  t i m e  ( F i g .  7 ) #  d e f i n e s  t h e  d e p t h  

o f  f l o w  ( FD)  and t h e  e f f e c t i v e  a r e a  o f  f l o w  ( F D2 ) .

The l a k e  l e v e l  a t  any  p o i n t  i n  t i m e  ( F i g .  7)  i s  a . f u n c ­

t i o n  o f  t h e  d i s c h a r g e ,  d u r i n g  t h e  p r e v i o u s  t i m e  s t e p .  i?y e x ­

p r e s s i n g  t h e  l a k e  l e v e l  as a f u n c t i o n  o f  t h e  r e s e r v o i r  v o l ­

ume ( F i g .  8)  t h e  l a k e  l e v e l  can be d e t e r m i n e d  as a. f u n c t i o n  

o f  t h e  d i s c h a r g e .  The d i s c h a r g e #  i n  t u r n #  i s  a f u n c t i o n  o f



Il Ti,

T =Time
BDn = Breach Depth 
FDn = Flow Depth 
Ln= Lake Level 
AL = Change in Lake 

Level

CO
CO

F i g u r e  7.  As t h e  b r e a c h  a r e a  i n c r e a s e s  w i t h  t i m e  
b r e a c h  i n c r e a s e s  c a u s i n g  a d r o p  i n  t h e  Lake  L e v e l  
and t h e  e f f e c t i v e  a r e a  o f  f l o w  (FD > a t  any  t i m e  
l e v e l  ( L )  and  t h e  b r e a c h  d e p t h  ( B D ) .

,  t h e  d i s c h a r g e  t h r o u g h  t h e  
( A L ) .  The d e p t h  o f  f l o w  ( FD)  

s t e p  i s  d e f i n e d  by  t h e  l a k e
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1 6 - 0 0  24 00  3 2 - 0 0  4 0 - 0 0
LAKE DEPTH (FT)

R E S E R V O I R  D E P T H - V O L U M E  CURVE

F i g u r e  8.  C u r v e  d e f i n i n g  t h e  v o l u m e  o f  M y s t i c  L a k e  as a 
f u n c t i o n  o f  t h e  r e s e r v o i r  d e p t h .  ( F r om C H 2M H i l l ,  1 9 8 0 )
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t h e  e f f e c t i v e  a r e a  o f  f l o w  d e f i n e d  by  t h e  l a k e  l e v e l  ano t h e  

b r e a c h  a r e a .  The r e l a t i o n s h i p  b e t w e e n  t h e  d i s c h a r g e  and t h e  

l a k e  l e v e l  i s  s u c h  t h a t  t h e  l a k e  l e v e l  mus t  be known i n

o r d e r  t o  c a l c u l a t e  t h e  d i s c h a r g e .

A " k n o w n "  v a l u e  f o r  t h e  t a k e  l e v e l  can  be a p p r o x i m a t e d  

by p r o j e c t i n g  t h e  c h a n g e  i n  t h e  l ake ,  l e v e l  ( A L ) ,  ( F i g ,  7 )  

f r o m  t h e  p r e v i o u s  t i m e  s t e p  t o  c a l c u l a t e  t h e  l a k e  l e v e l  at .  

t h e . p r e s e n t  t i m e  s t e p :  ‘

AL = L a k e  L ev e  I  ̂ g ~ L a k e  L e v e  I ^ i = $ , 3 . . . n  ( A)

L ak e  L e v e l  . = Lake  L e v e l  -  AL <5)

For  e x a m p l e  i n  f i g u r e  7 ,  t h e  l a k e  l e v e l  Lg can be p r o j e c t e d  

by s u b t r a c t i n g  ( A U ,  t h e  d i f f e r e n c e  B e t w e e n  t h e  t a k e ,  l e v e l s  

L j  and Lg ,  f r o m  t h e  l a k e  l e v e l  Lg . The. " k n o w n "  l a k e  l e v e l  

i s  t h e n  u s e d  t o  c a l c u l a t e  t he .  e f f e c t i v e  a r e a  o f  f l o w .  and.  t h e  

c o r r e s p o n d i n g  i n s t a n t a n e o u s  d i s c h a r g e  f r o m  t h e  b r e a c h .

The t o t a l  d i s c h a r g e  f r o m  t h e  dam i s  t h e  sum o f  t h e  

f l o w s  c o n t r i b u t e d  by t h e  s p i l l w a y ,  o u t l e t  g a t e s  and t h e  

b r e a c h .  The d'ep t h - d  i sc ha rg'e c u r v e s  f o r  t h e  s p i l l w a y  and t h e  

o u t l e t  g a t e s  a r e  i l l u s t r a t e d  i n  f i g u r e  9 .  By a v e r a g i n g ; t he'  

t h e  d i s c h a r g e  c a l c u l a t e d  a t  t h e  p r e s e n t  t i m e  s t e p  w i t h  t h e  ■ 

d i s c h a r g e  f r o m  t h e  p r e v i o u s . t i m e  s t e p ,  t h e  v o l u m e  o f  o u t f l o w  

o v e r  t h e  t i m e  s t e p  can be c o m p u t e d .  The r e s u l t i n g  d e c r e a s e
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DISCHARGE (CFS)

S P I L L W A Y  R A T I N G  CURVE

8

DISCHARGE (CFS)

12  & 1 6 "  O U T L E T  P I P E S  R A T I N G  CURVE

f i g u r e  9 .  R a t i n g  c u r v e s  o f  d i s c h a r g e  as a f u n c t i o n  of  d e p t h  
f o r  t h e  s p i l l w a y  a nd  o u t l e t  g a t e s .  ( A f t e r  CH2M H i l l ,  1 9 8 0 ) .
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. i n  t h e  Lake  l e v e l  c a n  be r e a d  f r o m  t h e  d e p t h - v o l u m e  c u r v e  

( F i g .  8 ) .  An i t e r a t i v e  scheme i s  u s ed  t o  t e s t  t h e  l a k e  

l e v e l  c o m o u t e d  f r o m  t h e  d e p t h - v o l u m e -  c u r v e  ( F i g .  8)  a g a i n s t  

t h e  p r o j e c t e d  l a k e  l e v e l  f r o m  e o u a t i o n  5 .  I f  . ' the d i f f e r e n c e  

b e t w e e n  t h e  p r o j e c t e d  and c a l c u l a t e d  l a k e  l e v e l s  d oes  n o t  

f a l l  w i t h i n  a t o l e r a n c e  l i m i t  o f  0 . 0 1  f o o t ,  a new AL i s -  . . . .  

t e s t e d  u n t i l  t h e  d i f f e r e n c e  i s n e g l i g i b l e .

A h y p o t h e t i c a l  o u t f l o w -  h y d r o g r a p h  ( F i g .  1 0 )  i s  g e n e r a ­

t e d  f o r  M y s t i c  L a k e  dam u s i n g  t h e  f o l l o w i n g  a s s u m p t i o n s  and 

i n i t i a l  c o n d i t i o n s :  a f a i l u r e  t i m e  o f  7 . 5  m i n u t e s ,  a t i m e  

s t e p  o f  5 s e c o n d s ,  a M a n n i n g ' s  R f o r  t h e  b r e a c h  c h a n n e l  e s t ­

i m a t e d  t o -  be . 0 4 7 ,  t h e  i n i t i a l  l a k e  l e v e l  a t  t h e  dam c r e s t ,  

and t h e  i n f l o w  i n t o  t h e  l a k e  e q u a l  t o  1 0 0 0 ' . c - f s .  The p e a k  

d i s c h a r g e ,  8 3 , 5 0 0  c f s , .  a g r e e s  c l o s e l y  w i t h  r e s u l t s  o b t a i n e d ,  

f r o m  an e q u a t i o n  d e v e l o p e d  by  K i r k p a t r i c k  ( 1 9 7 7 )  f o r  c o mp u ­

t i n g  t h e  max i mum d i s c h a r g e  t h r o u g h  a b r e a c h e d  dam  ̂ He 

a r r i v e d  a t .  t h i s  e q u a t i o n . b y  p l o t t i n g  dam h e i g h t  v e r s u s  p e a k  

d i s c h a r g e  f r o m  a c t u a l  dam f a i l u r e s .  The e q u a t i o n . f o r  t h e  

s t r a i g h t  l i n e  t h r o u g h  t h e  p o i n t s :

1 . 8 5
Qmax = 65 x Dam H e i g h t  ( 6 )

y i e l d s  an e s t i m a t e d  p e a k  d i s c h a r g e  o f  8 3 , 8 0 0  c f s  f o r  M y s t i c
'

L a k e  d a m ,  w i t h  a c r e s t  h e i g h t  o f  48 f e e t .
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3 5 . 0 0
TIME IN MINUTES

F i g u r e  1 0 .  B r e a c h  o u t f l o w  h y d r o g r a p h  f r o m  t h e  h y p o t h e t i c a l  
o v e r t o p p i n g  o f  M y s t i c  L a k e  dam.  The p e a k  d i s c h a r g e  f r o m  t h e  
f a i l u r e ,  8 3 , 5 0 0  c f s ,  i s  r e a c h e d  i n  7 . 5  m i n u t e s .
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D o w n s t r e a m  R o u t i n g  . ' .

I n t r o d u c t i o n .  H a v i n g  d e v e l o p e d  a t i m e - d e p e n d e n t  s u r ­

f a c e  b r e a c h  a n d '  an o u t f l o w  h y d r o g r a p h  f o r  M y s t i c  L a k e  dam,  

t h e  r e m a i n d e r  o f  t h e  m o d e l  d e s c r i p t i o n  i n v o l v e s  r o u t i n g  t h e  

f l o d d w a v e  d o w n s t r e a m .  A c c o r d i n g ,  t o  Chow ( 1 9 6 4 ,  s e c .  2 5 ,  p .  

35)  f l o o d  r o u t i n g  i s  d e f i n e d  a s :

t h e  p r o c e d u r e  w h e r e b y  t h e  t i m e  and m a g n i t u d e  o f  a 
f l o o d  wave a t  a p o i n t  on a s t r e a m  i s  d e t e r m i n e d  . 
f r o m  t  he known o r  a s s u me d  d a t a  a t  one.  o r  mor e  . 
p o i n t s  u p s t r e a m .

The e n u m e r a t i o n  and c o m p a r i s o n  o f  a l l  f l o o d  r o u t i n g  m e t h o d s  

i s  b e y o n d  t h e  s c o p e  and  p u r p o s e  o f  t h i s  s t u d y .  F o r  t h i s  . 

r e a s o n ,  r o u t i n g  m e t h o d s  w i l l  be d i s c u s s e d  and c o mp a r e d  o n l y  

i n  g e n e r a l  t e r m s .  Fo r  an i n - d e p t h  e v a l u a t e  o n ,  t he r e a d e r  i s  

d i r e c t e d  t o :  T h o m a s ,  1 9 3 4 J G i l c r e s t ,  1 9 5 0 )  Chow,  1 9 5 9 ,  1 9 6 4 ,

Y e v j e v i c h ,  1 9 6 4 ;  B r a k e n s i e k  and C o me r ,  I 965 ) and M i l l e r  and 

Cu n ge ,  1 9 7 5 .

The d o w n s t r e a m  r o u t i n g  s e c t i o n  o f  t he  mo d e l  d e s c r i p t i o n  

i s  d i v i d e d  i n t o  t w o  p o r t i o n s .  F i r s t ;  t h e  c r i t e r i a  f o r  

c h o o s i n g . a  f l o o d  r o u t i n g  m e t h o d  a r e  d i s c u s s e d ,  f o l l o w e d  by a 

d e s c r i p t i o n  o f  t h e  n u m e r i c a l  t e c h n i q u e s  used,  t o  s o l v e  t h e  

r o u t i n g  e n u a t i o n s .
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S e l e c t i o n  o f  a r o u t i n g  m e t h o d .  F l o o d  r o u t i n g  me t h o d s  

f a l l  i n t o  t wo  b a s i c  c a t e g o r i e s - - h y d r a u l  i c  and  h y d r o l o g i c .  . .  

The h y d r a u l i c  m e t h o d s  a r e  b a s e d  on t h e  c o m p l e t e  e q u a t i o n s  o f  

u n s t e a d y  f l o w  d e r i v e d  by  de S a i r i t - . V e n a n t  ( 1 8 7 1 ) .  Thes e  

e q u a t i o n s  a r i s e  f r o m  t h e  l a w s  o f  c o n s e r v a t i o n  o f  mass,  and 

moment um a p p l i e d  t o  o pen  c h a n n e l  f l o w .  M a t t e r  i s  a f o r m  o f  

e n e r g y /  and  as s u c h /  c o n f o r m s  t o  t h e  l a w s  o f  c o n s e r v a t i o n .  

The c o n t i n u i t y  e q u a t i o n  f o r  t h e  c o n s e r v a t i o n  o f  mass '  i s  

e x p r e s s e d  a s :

A  + M
9x 3 t - q o ( 7 )

wh e r e  Q i s  t h e  d i s c h a r g e /  A i s  t h e  c r o s s - s e c t i o n a l  a r e a /  x 

i s  t h e  d i s t a n c e /  t  i s  t h e  t i me . /  and  q i s  t h e  l a t e r a l  i n f l o w  

o r  o u t f l o w  p e r  un i t  s t r e a m  l e n g t h  ( i  n.f l o w  i s  po s i t i v e  and 

o u t f l o w  i s  n e g a t i v e ) .  F o u a t i o n  7 s t a t e s  t h a t  as  t h e  d i s ­

c h a r g e  v a r i e s  w i t h  d i s t a n c e  a t  a r a t e  9 0 / 9  x /  t h e  c r o s s - s e c ­

t i o n a l  a r e a  o f  f l o w  mus t  c h a n g e  w i t h  t i m e  a t  a r a t e  9 A / 3 t .  

S i n c e  w a t e r  i s  i n c o m p r e s s i b l e /  t h e  n e t  c h a n g e  i n  t h e  d i s -  

c h a r g e  p l u s  t h e  c h a n g e  i n  t h e  a r e a  i s  ? e r p /  and t h e  t o t a l  

mass o f  t h e  s y s t e m  r e m a i n s  u n c h a n g e d  ( C h ow /  1 9 5 9 ) .

I t i s  c o n v e n i e n t  t o  r e - w r i t e  e q u a t i o n  7 so t h a t  t h e  

c h a n g e  i n  a r e a  9 A / 9 1 can  be e x p r e s s e d  as a f u n c t i o n  o f  d e p t h  

( A me i n  and  F a n g /  1 9 7 0 ) .  E q u a t i o n  7 t h e n  b e c o m e s :
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wh e r e  y i s  t h e  d e p t h  and B i s  t h e  t o p  w i d t h  o f  t h e  s t r e a m ,  

d e f i n e d  as  t h e  d e r i v a t i v e .  d A / d y .

No t  o n l y  mu s t  t h e  mass o f  t h e  s y s t e m  be c o n s e r v e d  b u t  

t h e  moment um as w e l l .  The moment um e q u a t i o n  a c c o u n t s  f o r  

t h e  c h a n g e  i n  t h e  e n e r g y  o f  t h e  s y s t e m  due t o  t h e  t he  

e f f e c t s  o f  f r i c t i o n  and a c c e l e r a t i o n ,  and  i s  e x p r e s s e d  a s : .

30 + 3Q2M  + 
at ax f + s o + sf

( 9 )

wh e r e  g i s  t h e  g r a v i t a t i o n a l  c o n s t a n t ,  Sq i s  t h e  c h a n n e l  

b o t t o m  s l o p e ,  and  i s  t h e  f r i c t i o n  s l o p e  e v a l u a t e d  u s i n g  

M a n n i n g ' s  e q u a t i o n :

n2 Q2 
2 . 2  A2 RVT

( 1 0 )

The d e r i v a t i o n  o f  e q u a t i o n s  7 - 9  i s  f o u n d . i n  t h e  f o l l o w i n g ,  

r e f e r e n c e s ;  de S a i n t - V e n a n t ,  18 7 1 ;  G i t c r e s t ,  1 9 5 0 ;  Chow, .  

1 9 5 9 ;  Ame i n  and F a n g ,  1 9 7 0 ;  L i g g e t t ,  1 9 7 5 .

W h i l e  t h e  h y d r a u l i c  m e t h o d s  a r e  b as e d  on t h e  c o m p l e t e  

e q u a t i o n s  o f  u n s t e a d y  f l o w ,  t h e  h y d r o l o g i c  m e t h o d s  p r e s e n t  a 

mor e  s i m p l i f i e d  a p p r o a c h  t o  t h e . p r o b l e m .  ■' O n l y  t h e  c o n t i n u ­

i t y  e q u a t i o n  i s  u t i l i z e d  t o  a p p r o x i m a t e  t h e  b e h a v i o r  o f  t h e  

r e a l  s y s t e m .  The e f f e c t s  o f  a c c e l e r a t i o n  and f r i c t i o n a l
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r e s i s t a n c e  a c c o u n t e d  f o r  i n  t h e  moment um e q u a t i o n  a r e  

i g n o r e d  ( M i l l e r  and Cungez  1 9 7 5 ) .

The c h o i c e  b e t w e e n  t h e  t wo  r o u t i n g  m e t h o d s  s h o u l d  be 

g o v e r n e d  by t h e  f o l l o w i n g  c o n s i d e r a t i o n s :  t h e  a c c u r a c y  o f  

t h e  e q u a t i o n s  i n  r e p r o d u c i n g  t h e  b e h a v i o r  o f  t h e  r e a l ' s y 3 -  

t  e m z t h e  e as e  o f  c o m p u t a t i o n s  i n  a r r i v i n g  a t  a s o l u t i o n z  and 

t h e  a moun t  o f  c o m p u t e r  t i m e  r e q u i r e d  t o  p e r f o r m  t h e  s i m u l a ­

t i o n .  B e c a u s e  t h e  h y d r o l o g i c  me t h o d  u s e s  o n l y  t h e  c o n t i n u ­

i t y  e q u a t i o n z  i t  c an  be a p p l i c a b l e  o n l y  i n  s i t u a t i o n s  w h e r e  

t h e  e f f e c t s  o f  a c c e l e r a t i o n  and f r i c t i o n a l  r e s i s t a n c e  a r e  

n e g l i g i b l e  ( F r e a d z  19 8 0 ) .  The r a p i d l y - v a r i e d  u n s t e a d y  f l o w  

a s s o c i a t e d  w i t h  d a m - b r e a k  f l o o d w a v e s  has  a p p r e c i a b l e  a c c e l ­

e r a t i o n  e f f e c t s  and c a n n o t  be  d e s c r i b e d  by any h y d r o l o g i c  

me t h o d  ( M i l l e r  and Cungez  1 9 7 5 ) .  The o n l y  way t o  s u c c e s s ­

f u l l y  m o d e l  t h e s e  f l o w  c o n d i t i o n s  i s  w i t h  a h y d r a u l i c  m e t h o d  

u t i l i z i n g  t h e  c o m p l e t e  e q u a t i o n s  o f  u n s t e a d y  f l o w .  The 

h y d r a u l i c  m e t h o d s  y i e l d  a mor e  a c c u r a t e  r e p r e s e n t a t i o n  o f  

t h e  r e a l  s y s t e m z  b u t  a t  t h e  c o s t  o f  r i g o r o u s  c o m p u t a t i o n s  

and i n c r e a s e d  c o m p u t e r  t i m e .  E q u a t i o n s  8 - 9  c o n s t i t u t e  a 

s y s t e m  o f  n o n - l i n e a r  h y p e r b o l i c  p a r t i a l  d i f f e r e n t i a l  e q u a ­

t i o n s .  The i n d e p e n d e n t  v a r i a b l e s  c o n t a i n e d  i n  t h e  e q u a t i o n s  

a r e  x and  t  z t h e  d e p e n d e n t  v a r i a b l e s  a r e  y and Qz t h e  

r e m a i n i n g  t e r m s  a r e  e i t h e r  c o n s t a n t s  o r  f u n c t i o n s  o f  x z t z y
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a n d / o r  Q „ T h i s  s y s t e m  o f  c o n a t i o n s  c a n n o t  be s o l v e d  by a n a ­

l y t i c a l  m e t h o d s ;  t h e  o n l y  a l t e r n a t i v e  f o r  s o l u t i o n  i s  t h e  

u t i l i z a t i o n  o f  n u m e r i c a l  t e c h n i q u e s .  ( Ame i n and F a n g ,  I 9 7 C;

Fr e  ad ,  I 9 8 0 ) .

N u m e r i c a l  s o l u t i o n .  T h e r e  a r e  a l a r g e  n u m b e r . o f  n u ­

m e r i c a l  m e t h o d s ,  b u t  o n l y  t w o  a r e  a n p l i  c a b l e  t o  h y p e r b o l i c  

p a r t i a l  d i f f e r e n t i a l ,  e q u a t i o n s , *  t h e  m e t h o d  o f  c h a r a c t e r  i s t - .  

i c s  and f i n i t e  d i f f e r e n c e  m e t h o d s  ( L i g g e t t  and C u p a e ,  1 9 7 5 ) .  

B e c a u s e  o f  t h e  comp I e x i  t y  o f  t h e  c h a r a c t e r i s t i c  m e t h o d ,  o n l y  

f i n i t e  d i f f e r e n c e  m e t h o d s  w i l l  be a n a l y z e d  and c o m p a r e d .  ■ 

F u r t h e r '  i n f o r m a t i o n  c o n c e r n i n g  n u m e r i c a l  m e t h o d s  and t h e i r  

a p p l i c a t i o n s  t o  f l o o d  r o u t i n g  m a y . b e  f o u n d  i n  t h e  f o l l o w i n g  

r e f e r e n c e s :  R i c h t m y e r ,  1 9 6 ? ;  B r a k e n s i e k . ,  J  9 6 6 ;  Amei  n ,  1 9 6 7 ;  

L i g g e t t  and  Wool  h i s e r ,  1.967;  S t r e l k o f f ,  1,9 7 0 ;  V a s i  I i e v ,

1 9 7 0 ;  A b b o t t ,  . 1 9 7 5 ;  L i g g e t t  and C u n g e ,  1 97 5 ; V a s i  t i e v  and 

o t h e r s ,  1 9 7 6 .

Of  t h e  a v a i l a b l e  f i n i t e  d i f f e r e n c e  s c h e m e s ,  t h e  two.  

mo s t  c o mmo n l y  u s e d  i n  n u m e r i c a l  f l o o d  r o u t i n g  a r e  t h e  

e x p l i c i t  and i m p l i c i t  m e t h o d s .  The d e c i s i o n  t o  empl oy ,  an ■ 

i m p l i c i t  m e t h o d  was b a s e d  on t h e  c o n c l u s i o n s  o f  p r e v i o u s  i n ­

v e s t i g a t o r s  ( A b b o t t  and ! o n e s  c u ,  1 967. '  A m e i r ,  19.6.7; 1 9 6 3 ;

L i g g e t t  .and Woo l  h i s e r ,  1 9 6 7 ;  Ame i n  and  F a n g ,  1 9 6 9 ;  1 9 7 0 ;  

C h a u d h r y . and C o n t r a c t o r ,  1 9 7 3 ;  P r i c e ,  1974. ;  Ame i n  and Ch.u,
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1 9 7 5/  G r e c o  and P a n a t t o n i z  1 9 7 5 ;  L i q q e t t  a n d  Qunqe z 1 975/ '

Hi  I I e r  and Cungez  197 5/  F r e a d z  1 9 7 8 /  1 9 8 0 /  Ponc e  and o t h e r  Sz

19 7 8 ) .  A c c o r d i n g  t o  t h e i r  f i n d i n g s z  t h e  i m p l i c i t  m e t h o d  S z  

a l t h o u g h  mor e  d i f f i c u l t  t o  u s e z a r e  v e r y  f l e x i b l e  and can 

h a n d l e  u n e q u a l  t i m e  and d i s t a n c e  s t e p s . .  Th e  i m p l i c i t  . . 

m e t h o d s  a r e  a l s o  u n c o n d i t i o n a l l y  s t a b l e  and a r e  n o t  r e s t r i c ­

t e d  t o  v e r y  s m a l l  t i m e  s t e p s  l i k e  t h o s e  r e q u i r e d  f o r  t h e  e x ­

p l i c i t  s c h e m e s .  S t a b i l i t y  h e r e  r e f e r s  t o  t h e  i n t r o d u c t i o n  

of  e r r o r s  i n t o  t h e  s o l u t i o n  p r o c e d u r e s . A l a r g e  t i m e  s t e p  

■ u s e d  i n  a c o n d i t i o n a l l y  s t a b l e  scheme z ' l i k e  t h e  e x p l i c i t  

m e t h o d z  c a u s e s  s m a l l  e r r o r s  t o  g r o w  e x p o n e n t i a l l y  u n t i l  t h e  

c o m p u t a t i o n  " b l o w s - u p " .  The i m p l i c i t  m e t h o d z  b e i n g ,  u n c o n d i ­

t i o n a l l y ,  s t a b l e z  a l l o w s  f o r  t h e  s e l e c t i o n  o f  a t i m e  s t e p  

g o v e r n e d  o n l y  by  c o n v e r g e n c e . .  The  c o n c e p t  o f  c o n v e r g e n c e  

i m p l i e s  th.at .  as Ax and A t a p p r o a c h  z e r b z  t h e  c o m p u t a t i o n  

t e n d s  t o w a r d s  an e x a c t  s o l u t i o n  ' ( .Freadz 1 9 7 4 a ;  L i g g e t t  and 

Cungez  1 9 7 5 ) .  H o w e v e r z  as Ax and A t  become s m a 11e r  z t h e  

r o u n d o f f  e r r o r  i n c r e a s e s  ( D. z D y re. son z o r a l . c o m m o n . z  1 9 8 1 ) .

Of  t h e  v a r i o u s  i m p l i c i t  s chemes  a v a i l a b l e  f o r  us e z t h e  

w e i g h t e d  f o u r - p o i n t  m e t h o d  d e v e l o p e d  by P r e i s s m a n n  ( 1 9 6 1 )  

and u s e d  by  Ame i n  and Fang ( 1 9 7 0 ) z  C h a u d h r y  and.  C o n t r a c t o r  

( I  9 7 3 ) z G r e c o  a n d  P a h a t t o n i  ( 1975) .  and F r e a d  . ( 1 9 7 8 ;  198.0)  i s  

c o n s i d e r e d  t h e  b e s t  i m p l i c i t  m e t h o d  f o r  t h i s  s t u d y  b e c a u s e
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o f  i t s  a b i l i t y  t o  mo d e l  s t r e a m s  w i t h  v a r i a b l e  c r o s s - s e c t i o n s  

and bed s l o p e .

The f o u r - p o i n t  i m p l i c i t  scheme n u m e r i c a l l y  s o l v e s  

e q u a t i o n s  8 - 9  by r e p l a c i n g  t h e  p a r t i a l  d e r i v a t i v e s  w i t h  a 

c o r r e s p o n d i n g  s e t  o f  f i n i t e  d i f f e r e n c e  a l g e b r a i c  . e x p r e s ­

s i o n s .  T h e . s o l u t i o n  o f  t h e  a l g e b r a i c  e x p r e s s i o n s  a r e  s o u g h t  

o v e r  a d i s c r e t e  t i m e - d i s t a n c e  g r i d ,  i l l u s t r a t e d  i n  f i g u r e  1 1 .  

T i me  l i n e s  a r e  d r a w n  - p a r a l l e l  t o  t h e  d i s t a n c e - a x i s ,  w i t h  

s p a c i n g  A t ,  w h i c h  n eed  n o t  be c o n s t a n t ,  and a r e  d e s i g n a t e d  

by t h e  s u p e r s c r i p t ,  j .  The d i s t a n c e  l i n e s ,  p a r a l l e l  t o  t h e  

t i m e - a x  i s > r e p r e s e n t  t h e  I oca  t i  on's o f  c r o s s - s e c t i o n s  a l o n g  

t he  s t r e a m  w i t h  s p a c i n g  A x ,  w h i c h  a l s o  n e e d  n o t  be c o n s t a n t .  

The s u b s c r i p t  i i d e n t i f i e s  t h e  s p a t i a l  l o c a t i o n ;  L o c a t i o n  

i =1  i s  t h e  u p s t r e a m  b o u n d a r y  and i =N• i s  t h e  d o w n s t r e a m  

b o u n d a r y .  The g r i d  p o i n t s  o r  n o d e s  a t  t h e  i n t e r s e c t i o n s  o f  

t h e  t i m e - d i s t a n c e  l i n e s  r e p r e s e n t  t h e  p o i n t s  i n  t i m e  and 

s p a c e  w h e r e  t h e  s o l u t i o n  s f o r  d e p t h  and d i s c h a r g e  a r e  

s o u g h t .

D e r i v a t i v e s  i n  t h e  w e i g h t e d  f  c u r - p o i n  t  . . i  mp l i c i t ,  s c heme 

a r e  r e p r e s e n t e d  by t h e  f o l l o w i n g  a l g e b r a i c  e x p r e s s i o n s  wh e r e  

■ K r e p r e s e n t s  any  v a r i a b l e .  The t i m e  d e r i v a t i v e s  a r e  a p p r o x -  

' i m a t e d  u s i n g  a f o r w a r d  d i f f e r e n c e  q u o t i e n t  c e n t e r e d  b e t w e e n  

, n o d e s  i a n d ' i + 1  a l o n g  t h e  d i s t a n c e  a x i s :
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t

«----- Ax----- »

At

i»j+i

M

M i+i»j

Distance

F i g u r e  11 .  D i s c r e t e  t i m e - d i s t a n c e  a r i d  f o r  t h e  s o l u t i o n  o f  
t h e  f o u r - p o i n t  i m p l i c i t  m e t h o d .  T i me  l i n e s  a r e  d e s i qn a t e d  
by i and d i s t a n c e  l i n e s  by i .  The s o l u t i o n  o f  t h e  c o n t i n u ­
i t y  and  moment um e q u a t i o n s  i s  s o u g h t  a t  p o i n t  ^ .
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The. s p a t i a l  d e r i v a t i v e s  a r e  a l s o  a p p r o x i m a t e d  by a f o r ­

war d ,  d i f f e r e n c e  q u o t i e n t ,  b u t  i t s  p o s i t i o n  b e t w e e n  t wo a d j a ­

c e n t  t i m e  l i n e s ,  j  and j  + 1 ,  i s .  c o n t r o l l e d  by.  t h e  w e i g h t i n g  

f a c t o r s  0 and 1 - 0 :

BK
BX 0 + ( I - 0 )

AX
(I 2)

w e i g h t s  t h e  i n f l u e n c e  o f  t h e  v a l u e s ,  on t h e  t wo  a d j a c e n t  

t i m e  l i n e s .  When 0 i s  I i O  o n l y  t h e  v a l u e s  on t h e  j +1  t i m e  

l i n e  i n f l u e n c e  t h e . s o l u t i o n  and a f u l l y  i m p l i c i t  o r  b a c k w a r d  

d i f f e r e n c e  scheme r e s u l t s  ( F r e a d ,  197 8 ) .  A w e i g h t i n g  f a c t o r  

o f  0 . 5  y i e l d s  t h e  box  scheme p r o p o s e d  by  A m e i n  and Fang 

( 1 9 7 0 )  w h i c h  e q u a l l y  w e i g h t s  t h e  v a l u e s  on b o t h  t i m e  l i n e s .  

The. . i n f l u e n c e  o f  t h e  w e i g h t i n g  f a c t o r  0 on t h e  a c c u r a c y  of,  

t h e  c o m p u t a t i o n s  was e x a m i n e d  by  Chaudh r y . and  C o n t r a c t o r  

(1 9 73)  ,  F r e a d  ( 1 97 4 a.) and- Ponc e  and  o t h e r s  ( 1 9 7 8 ) .  - They  

c o n c l u d e d  t h a t  t h e  a c c u r a c y  d r o p s  p f f  a s . 0  d e p a r t s  f r o m 0 . 5  

and a p p r o a c h e s  1 . 0 .  A v a l u e  o f  0 . 6 ; f o r  0 m i n i m i z e s  t h e  l o s s  

o f  a c c u r a c y  ( F r e  a d ,  .1 9 74 a ;  1 9 7 8 ) ,  and r e d u c e s  t h e  p s e u d q  

i n s t a b i l i t y  r e p o r t e d  by  C h a u d h r y  and C o n t r a c t o r ,  ( 1 9 7 3 ) . ,
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V a r i a b l e s  o t h e r  t h a n  d e r i v a t i v e s  a r e  e v a l u a t e d  a t  t h e  

same l o c a t i o n  i n  t i m e  and s p a c e  as t h e  d e r i v a t i v e s  b y :

S ’1 * ■£}
2 .

+ ( 1.-0) Ki  + K i n ' ( 1 3 )

When t h e  d e r i v a t i v e s  and o t h e r  v a r i a b l e s  i n  e q u a t i o n s  

8 and 9 a r e  r e p l a c e d  by t h e  f i n i t e  d i f  f e re nc e ope r a t  o r s f r o m  

e q u a t i o n s '  1 1 .  t h r o u g h  1.3/ t h e  f o l l o w i n g  f o u r - p o i n t  i m p l i c i t  

f i n i t e  d i f f e r e n c e ,  e q u a t i o n s  a r e  o b t a i n e d :

P i n  -  Q i t l '
+ ( 1 - 0 )

N n  -  o i l ' + « 0
[ B f 1 ♦  B f 1I

AX ; : . AX i' . "2 • . J

( 1- 0 ) Bj  + M n  

2

y f 1
-  - 4 Iil

2At
q .= 0 ( 1 4 )

J +I oin - -  Q'i+1 + 0
'(QVA)^} - (Q2ZA)J+1;

2&t

( 1- 0 )
(Q2/ A ) J +1 -  (Q2ZA)J'

: .0 ■
[ A f 1 ♦  A f h

Ax' 'v ^
+ 9 '

V 2 ■ j
.. ( 1 - 0 )

Ajj  ,+ A' I
i+1

rj + i  : j + b r  . 1  • l \

y W -  -  h ,
+ ( 1 - 0 )

S
r

IrH+>T

AX. . ; Ax ;
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So + 8
d J
Sf i+.5 = 0 ( I S) .

wh e r e  a l l  v a r i a b l e s  w i t h  t h e  s u p e r s c r i p t s  j a r e  k n o w n ,  w h i l e  

t h o s e  w i t h  s u p e r s c r i p t s  j +1 a r e  u n k n o w n .

U n l i k e  t h e  e x p l i c i t  s y s t e m  wh e r e  u n k n o w n  v a l u e s  a r e  e x ­

t r a p o l a t e d  f r o m  a p r e v i o u s  t i m e  s t e p ,  t h e  f o u r - p o i n t  i m p l i ­

c i t  m e t h o d  s o l v e s  f o r  t h e  u n k n o w n s  on t h e  n e x t  t i m e  l i n e ,  by  

a N e w t o n - R a p h s o n  i t e r a t i v e  scheme ( A me i n  a n d  F a n g ,  1 9 6 9 ;  '

F r e a d ,  1 9 8 0 ) .  A s s u m i n g  t h a t  a l l  v a r i a b l e s  a t  e ac h  node  

a l o n g  t h e  t i m e  l i n e  j  a r e  known  f r o m  i n i t i a l ,  c o n d i t i o n s  o r  

p r e v i o u s  c o m p u t a t i o n s ,  t r i a l  v a l u e s  f o r  t h e  u n k n o w n s  a ' t ' j + 1  ' 

a r e  e s t a b l i s h e d  e q u a l  t o  t h e  known  v a l u e s  a t  j  .  Thes e ,  " i m ­

p l i e d ' '  v a l u e s  a r e  t e s t e d  by e v a l u a t i n g  t h e  c o n t i n u i t y  and 

momen t um’ e q u a t i o n s ,  14 and 1 5 ,  a t  p o i n t  M i n  each  o f  t h e  t . -x 

g r i d  b l o c k s .  E q u a t i o n s  14 a nd  15 c a n n o t  be s o l v e d  i n  a 

d i r e c t  ma n n e r  b e c a u s e  t h e r e  a r e  o n l y  t wo  e q u a t i o n s  and f o u r  

u n k n o w n s .  H o w e v e r ,  any.  t wo  n e i g h b o r i n g  g r i d  b l o c k s  s h a r e  

t wo  u n k n o w ns ’ i n . c o lit m o n . : S i n c e  t h e r e  - a r e  N n o d e s  o r  c r o s s -  

■ s e c t i o n s '  a l o n g  t h e  d i s t a n c e - a x i s ,  t h e r e  a r e  N - I  g r i d  b l o c k s  

w i t h  N - I  i n t e r i o r  p o i n t s -  M.. Hy ap.pl  y i  no e q u a t i o n s  14 ar id 15 

s i m u l t a n e o u s l y  t o  p o i n t  M i n  e ac h  g r i d  b l o c k ,  a t o t a l  o f  

2N -  2 e q u a t i o n s '  f o r ; t h e  s o l u t i o n  o f  2 N . . u n k n o w n s  r e s u l t .  Two



a d d i t i o n a l  e q u a t i o n s  d e s c r i b i n g  t he '  d e p t h  - d i s c h a r g e  r e l a ­

t i o n s h i p s  a t  t h e  u p s t r e a m  and  d o w n s t r e a m  p o u n d s , r i e s  c o m p l e t e  

t h e  s y s t e m  o f .  ZN s i m u l t a n e o u s  e q u a t i o n s .  When t h e  s t r e a m  

f l o w  i s -  s u p e r c r i t i c a l ,  f l o w  d i s t u r b a n c e s  c a n n o t  t r a v e l ,  u p ­

s t r e a m  «' t h e r e f o r e  t h e  downs  t r eam b o u n d a r y  b e c o me s  s u p e r f l u ­

o u s .  I n s t e a d  t w o  b o u n d a r y  c o n d i t i o n  s a r e  r e q u i r e d  a t  t h e  

u p s t r e a m  b o u n d a r y  ( T r e a d , .  I 9,80) „ I f  t h e  f l o w  i s  s u b c r i  t i ­

es I ,  t h e  b r e a c h  d i s c h a r g e  as a f u n c t i o n  o f  t i m e  s a t i s f i e s  

t he  u p s t r e a m  b o u n d a r y  c o n d i t i o n ,  w h i l e  a h e cua. t  i o n  for. ' ,  t h e  

d e p t h - d i s c h a r g e  r a t i n g  c . ur ve  f u l f i l l s  t h e  d o w n s t r e a m  b o u n d ­

a r y  c o n d i t i o n .

The ZN s i m u l t a n e o u s  e q u a t i o n s  c a n  be r e a d i l y  s o l v e d  by  

r e p r e s e n t i n g  t h e m  i n  a m a t r i x  c o n f i g u r a t i o n  ( Ame i n  and F a n g ,  

19 6 9 ;  1-970;  F r e a d , '  1 9.78/  1 9 8 0 ) .  T h r e e  m a t r i c e s '  A,  R and S -

( F i g .  12)  a r e  g e n e r a t e d , .  A. i s  a c o e f f i c i e n t  m a t r i x  c o mp o s e d  

o f  p a r t i a l  d e r i v a t i v e s  o f  e a c h  e q u a t i o n  w i t h  r e s p e c t  t o  each,  

u nk n o wn  i n t  h e e q u a t i  o n .  M a t r i x  R i s  a v e c t o r  o f  r e s i d u a l s  

f r o m  t h e  s o l u t i o n  o f  t h e  c o n t i n u i t y  and ' mo m en t  u nr . e qua. t  i o ns 

a t  p o i n t  M. i n  each  o f  t h e  g r i d  b l o c k s .  The s o l u t i o n  v e c t o r  

S' c an  be o b t a i n e d  b y  a v a r i e t y  o f  m a t r i x  m a n i p u l a t i o n s  s u c h  

as t he  G a u s s i a n  e l i m i n a t i o n  o r  mat  r i . x ' i n v e r s i o n  (Arne i n and

F a n g ,  1 9 6 9 ) .  G a u s s i a n  e l i m i n a t i o n ,  i ' s t h e  f i r s t  m e t h o d  

t a u g h t  i n-  b e g i n n i n g  a l g e b r a  f o r  t he .  s o l  u t i  o n o f  s i m u l t a n e o u s



Dj 
.

Hi Hj a l 2

r  i
s i  .

' v a22 *2 3  ' *2 4 r 2 S 2

a31 ' a32 a33 a34 r 3 . 5 3

a 43 a 44 a 45 a46 r  4 S4

to
­

ll: a53 a54 *5 5  *5 6 R = T 5 S = 5 5

a2 N -2 ,2 N -3 a2N -2 ,2 N -2 a2 N - 2 ,2 N - l a2N -2 ,2N r  2N-2 S2N-2

“ ■ 32N -I , 2N -3 a2 N - l ,2 N - 2 a 2 N - l , 2 N - l a2 N - l , 2 N r  2N-1 S 2 N -1

a2 N ,2 N - l a2N,2N r 2N S2N ■

U l
H-*

F i g u r e  12 .  M a t r i c e s  A ,  R a nd  S f o r  t h e  s o l u t i o n  o f  s i m u l t a n e o u s  e q u a t i o n s .  The 
e l e m e n t s  o f  m a t r i x  A a r e  t h e  p a r t i a l  d e r i v a t i v e s  o f  t h e  c o n t i n u i t y  and moment um 
e q u a t i o n s  w i t h  r e s p e c t  t o  t h e  u n k n o w n s  Q and y on t h e  t i m e  l i n e  j + 1 .  M a t r i x  
R i s  a v e c t o r  o f  r e s i d u a l s  f r o m  t h e  s o l u t i o n  o f  t h e  c o n t i n u i t y  and momentum 
e q u a t i o n s  a t  p o i n t  M ( F i g .  1 1 ) .  The s o l u t i o n  v e c t o r  S c o n t a i n s  t h e  r e s i d u a l s  
f r o m  t h e  t r i a l  v a l u e s  o f  Q and y on t h e  t i m e  l i n e  j  + 1.
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e q u a t i o n s  ( a l t h o u g h  mos t  t e a c h e r s  m e r c i f u l l y  o m i t  t h e  n a m e ) .  

Unk nowns  a r e  e l i m i n a t e d  m a t h e m a t i c a l l y  u n t i l  t h e  s y s t e m  i s  

r e d u c e d  t o  one e q u a t i o n  and one u n k n o w n .  The r e m a i n i n g  u n ­

knowns  a r e  t h e n  c a l c u l a t e d  by  b a c k  s u b s t i t u t i o n  ( James  and 

o t h e r s ^  1 9 7 7 ) .

The v a l u e s  i n  t h e  s o l u t i o n  v e c t o r  S. a r e  r e s i d u a l s  f r o m

t h e  t r i a l  v a l u e s  o f  t h e  u n k n o wn  d e p t h s  and d i s c h a r g e s .  ,

c ,  S p . '  o . and so o n /  a r e  t h e  d e p t h  r e s i d u a l s  a t  c r o s s  
' 3  . 5

s e c t i o n s  o n e /  t w o  and t h r e e  r e s p e c t i v e l y ,  S s4 '  * * '

and so o n / ,  a r e  t h e  c o r r e s p o n d i n g  d i s c h a r g e ,  r e s i d u a l s  f o r  t h e  

same c r o s s - s e c t i o n s .  The r a n g e  o f  t h e s e  v a l u e s  a r e  t e s t e d  

w i t h i n  a t o l e r a n c e  l i m i t  o f  0 . 0 5  f o o t  f o r  d e p t h /  and 5 0 . 0  

c f s  f o r  d i s c h a r g e .  I f  any  o f  t h e .  v a l u e s  f a l l  o u t s i d e  t h e  

s p e c i f i e d  r a n g e /  each,  r e s i d u a l  i s  . added o r  s u b t r a c t e d  

( d e p e n d i n g  on i t s  s i g n )  t o  i t s  c o r r e s p o n d i n g  . unknown  v a l u e .  

Th e s e  c o r r e c t e d  v a l u e s  a r e  t h e n  used  t o  g e n e r a t e  new m a -  

t r i c e s  A/  R- and S and t h e  p r o c e d u r e  i s  r e p e a t e d  u n t i l  t h e  

r e s i d u a l s  " z e r o - o u t " . Once t h e  u n k n o wn s '  on The j 4-I  t i m e  

l i n e  h a v e  been s o l v e d / ,  t h e y ,  now become t h e  ' ! k n o w n "  v a l u e s  

and t h e  t i m e  s t e p  i s  i n c r e m e n t e d  by  A t .  W i t h  each  c h a n g e  i n  

t h e  t i m e  s t e p /  a new v a l u e  f o r  t h e  d i s c h a r g e  i s  c a l c u l a t e d  

f r o m  t h e  b r e a c h  h y d r o q r a p h  a t  f  he u p s t r e a m  b o u n d a r y .  The 

w h o l e  p r o c e d u r e  o f  e s t a b l i s h i n g  t r i a l  v a l u e s /  g e n e r a t i n g
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m a t r i c e s *  " z e r o i n g - o u t ”  t h e  r e s i d u a l s  a nd  i n c r e m e n t i n g  t h e  

t i m e  s t e p  i.s r e p e a t e d  u n t i l  t h e  f l o o d  has  b ee n  r o u t e o 

t h r o u g h  t h e  c h a n n e l .

D a t a  r e q u i r e m e n t s .  I n  p r d e r  t o  s o l v e  t h e  e q u a t i o n s  o f  

u n s t e a d y ,  f l o w  and  s i m u l a t e  t h e  mov emen t  of  t h e  wave d o w n ­

s t r e a m *  a l l  v a r i a b l e s  and t h e i r  i n t e r - r e l a t i o n s h i p s  mus t  be 

known  o r  as s umed  a t  p o i n t s  a l o n g  t h e  s t r e a m  c h a n n e l .

, The f i r s t  s t e p  i s  t o  d e f i n e  t h e  g e o m e t r y  o f  t h e  s t r e a m  

c h a n n e l  w i t h  a s e r i e s  o f  c r o s s - s e c t i o n a l  p . r c f i l e s  p e r p e n d i c ­

u l a r  t o  t h e  d i r e c t i o n  o f  f l o w .  The p r o f i l e s  a r e  d r a w n  u s i n g ,  

s u r v e y  d a t a  o r *  when c o s t s ,  a r e  p r o h i b a t i v e *  a 1 : ? 4 * 0 G 0  s c a l e  

map w i t h  a 20 f o o t  c o n t o u r  i n t e r v a l  ( G l a s s  and o t h e r s *  1 9 7 6 ;

F r e a d ,  1 9 7 8 ) .  I n  t h i s  s t u d y *  p r o f i l e s  were,  a c q u i r e d  f r o m  

b o t h  d a t a . s o u r c e s .  C r o s s - s e c t i o n s  .in. t h e  c a n y o n  we r e  t a k e n  

f r o m "  a 1 : 2 4 * 0 0 0  s c a l e  map*  and'  t h o s e  f r o m  t h e  c a n y o n  mo u t h  

t h r o u g h  Bozeman  we r e  o b t a i n e d  f r o m  U . S .  S o i l  C o n s e r v a t i o n  

S e r v i c e  s u r v e y  d a t a  ( R. B e r g a n t i n e *  p e r s o n a l  c o m m u n . #■ I 981 ) .  

The c r o s s - s e c t i o n s  we r e  e s t a b l i s h e d  a t  p o i n t s ,  o f  " i n f l e c ­

t i o n "  ( F i g .  13)  t o  r e c o r d  any  c h a n g e s  i n  t h e  g e o m e t r y .

The a r e a  a t .  e ac h  c r o s s - s e c t i o n  i s  p l o t t e d  as a f u n c t i o n  

o f  d e p t h  ( f ( y , ) ) #  ( F i g .  14)  and  i s  r e p r e s e n t e d  by  a t h i r d  

o r d e r  p o l y n o m i a l :

I
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F i g u r e  13 .  C h a n n e l  c o n f i g u r a t i o n  s h o w i n g  c r o s s -  
s e c t i o n  l o c a t i o n s  a t  p o i n t s  o f  " i n f l e c t i o n " .

DEPTH
F i g u r e  14.  C r o s s - s e c t i o n a l  a r e a  f ( y )  as  a f u n c t i o n  of  d e p t h  
f o r  a ny  c r o s s - s e c t i o n  A - A 1z B - B 1 o r  C - C '  ( F i g .  1 3 ) .
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: - 2 ? .
A r e a  = f ( y ) = a + by + c y + d y .  ( 1 6 )

wh e r e  y i ' s t  he d e p t h  .and a ,  b /  c and d a r e  c o e f f i c i e n t s .

The c o e f f i c i e n t s  a r e  c a l c u l a t e d  by  s o l v i n g  4 e q u a t i o n s ,  i n  

t h e  f o r m  o f  e q u a t i o n  1 6 ,  s i m u l t a n e o u S I y  i n  a m a t r i x  c o n f i g -  

o r a t i o n  ( F i g .  1 5 ) .  The v a l u e s  i n  t h e  s o l u t i o n  v e c t o r  S,  a r e  

t h e  c o e f f i c i e n t s  a ,  b ,  c and  d ,  o b t a i n e d  by  G a u s s i a n  e l i m i ­

n a t i o n .

Whe r e  t h e  s t r e a m  f l o w  d i v i d e s  a r o u n d  an i s l a n d .  ( F i g ,  16 

- A ,  B) ,  t h e  t o t a l  d i s c h a r g e  Q i s  b r o k e n  i n t o  c o m p o n e n t s  Ql 

and 0 2 ,  and t h e  t o t a l  a r e a  A' i n t o '  Al  and A 2 ( C h o w ,  1 9 5 9 :

B a l  t z e ' r .  and  L a i  ,  1 9 6 8 ;  C u n g e ,  1 9 7 5 ) .  The w h o l e  b e i n g  e q u a l  

t o  t he  sum o f  t h e  p a r t s  a l l o w s  t h e  b i f u r c a t e d  c h a n n e l  t o - b e  

t r e a t e d  as a s i n g l e  . c r o s s - s e c t i o n  and.  r e p r e s e n t e d  by  a 

s i n g l e  d e p t h - a r e a  c u r v e .  Once t he.  c r o s s - s e c t i o n  p o s i t i o n s  

h a v e  b e e n  d e t e r m i n e d ,  t h e  t o t a l  s t r e a m  l e n g t h  i s  r e p r e s e n t e d  

by a s e r i e s  o f  r e a c h e s  w i t h  l e n g t h  Ax w h i c h  n eed  n o t  be 

c o n s t a n t .

The r a p i d l y  r i s i n g  h y d r o g r a p h  a s s o c i a t e d  w i t h  t h e  d a m ’ s 

f a i l u r e  ( F i g .  1 0 )  can c a u s e  p r o b l e m s ;  o f  i n s t a b i l i t y  a n d . n a n -  

c o n v e r g e n c e  e v e n  when an i m p l i c i t  t e c h n i q u e  i s  e m p l o y e d . 

( F r e a d ,  1 9 7 8 ) .  .. H o w e v e r ;  t h e s e  c o m p u t a t i o n a l  p r o b l e m s  can.  be 

o v e r c o m e  by t h e  p r o p e r  s e l e c t i o n  o f  t h e  t i m e  and  d i s t a n c e
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F i g u r e  15 ,  M a t r i x  c o n f i g u r a t i o n  f o r  t h e  s o l u t i o n  o f  t h e  
d e a t h - a r e a  c o e f f i c i e n t s .  The e l e m e n t s  o f  m a t r i c e s  Y a n d  A 
a r e  t  he v a I u e s  o f  d e p t h ,  and a r e a  f r o m  t h e  d e p t h - a r e a  c u r v e  
i n  f i g u r e  1 4 .  The v a l u e s  i n  t h e  s o l u t i o n  v e c t o r  S a r e  the.  
c o e f f i c i e n t s  f o r  a t h i r d ,  o r d e r  p o l y n o m i a l  d e f i n i n g  t h e  
d e p t h - a r e a  c u r v e  i n  f i g u r e  1 4 .



V - ,  ; . . i  ,sland

cross - sections

B. Profile

F i g u r e  16.  Map and p r o f i l e  v i e w  o f  f l o w  d i v i s i o n  a r o u n d  an i s l a n d .  T h e t  
d i s c h a r g e  Q i s  d i v i d e d  i n t o  QI and Q 2 ,  and  t h e  t o t a l  a r e a  A i n t o  Al  an c A 2
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s t e p s .  I f  t h e  t i m e  s t e p  i s  t o o  s m a l l ,  o r  t h e  d i s t a n c e  s t e p  

t o o  l a r g e  r e l a t i v e  t o  t h e  c h a n g e . i n  t h e  d i s c h a r g e ,  n e g a t i v e  

d e p t h s  t e n d  t o  d e v e l o p  i n  t h e  v i c i n i t y  o f  t h e  wave f r o n t  

c a u s i n g  t h e  c o m p u t a t i o n  ' to " b l o w - O p " . By i n c r e a s i n g  t h e  

t i m e  s t e p  a n d / o r  d e c r e a s i n g  t h e  d i s t a n c e  s t e p  by i n s e r t i n g  

a d d i t i o n a l  c r o s s - s e c t i o n s ,  t h e s e  p r o b l e m s  d i s a p p e a r .  H o w - '  

e v e r ,  i f  t h e  t i m e  s t e p  i s  made t o o  l a r g e ,  t h e  p r o c e d u r e  

f a i l s  t o  con v e r g e .  '

B e c a u s e  t h e  d a m - b r e a k  h y d r o g r a p h ,  i s  v e r y  p e a k e d ,  i t  

t e n d s  t o  dampen  and f l a t t e n  o u t  as  i t  mo v e s  d o w n s t r e a m .

T h i s  b e i n g  t h e  c a s e ,  t h e  t i m e  a n d  d i s t a n c e  s t e p s  a r e  a l l o w e d  

t o  i n c r e a s e  i n  t h e  d o w n s t r e a m  d i r e c t i o n . .  F r e a d  ( I 974 a ) '  p r  op­

p o s e d  a g u i d e l i n e  f o r  t h e  s e l e c t i o n  o f  t h e  t i m e  s t e p :

At = T i me  o f  Peak  A r r i v a l ,  /  20 ( 1 7 )

As t h e  f l o o d w a v e  a d v a n c e s ,  At i n c r e a s e s  b e c a u s e  t h e  a r r i v a l  

t i m e  o f  t h e . p e a k  i n c r e a s e s  a t  l o c a t i o n s  f u r t h e r  and f u r t h e r  

d o w n s t r e a m .  The i n c r e a s e  i n  t h e  t i m e  s t e p  a l l o w s  t h e  d i s ­

t a n c e  s t ep ,  t o  i n c r e a s e  g r a d u a l l y  f r o m 130  f e e t  a t  t h e  dam t o  

1200  f e e t  n e a r  t h e  d o w n s t r e a m  b o u n d a r y .

The i n i t i a l  c o n d i t i o n s  o f  d e p t h  and d i s c h a r g e  at; each  

c r o s s - s e c t i o n  mu s t  be known a t  t i m e  t =0 i n  o r d e r  t o  s o l v e

t h e  u n s t e a d y  f l o w  e q u a t i o n s . The ' d i s c h a r g e  a t  each  c r o s s -



s e c t i o n  i i s  c a l c u l a t e d  a s :

5 9

Qi = Qi-1  + q 1-1 i = 2 , 3 , 4 . . . n  ( 1 8 )

wh e r e  i s  t h e  d i s c h a r g e  a t  t h e  dam b e f o r e  t h e  f a i l u r e  f r o m

t h e  s p i l l w a y  and o u t l e t  g a t e s ,  and q j  i s  t h e  l a t e r a l  i n f l o w  

o r  o u t f l o w  b e t w e e n  s e c t i o n s  i and i + 1 .  The l a t e r a l  i n f l o w  

c o n t r i b u t e d  by  t r i b u t a r i e s  o r  o v e r  l a n d  f l o w  w o u l d  be s i g -  

n i f i c a n t ,  h o w e v e r  b e c a u s e  o f  a l a c k  o f  d a t a ,  i t  i s  assumed  

t o  be z e r o .  I n f i l t r a t i o n  l o s s e s  due t o  i n u n d a t i o n  a r e  c o n ­

s i d e r e d  i m p o r t a n t  o n l y  when t h e  i n u n d a t e d  a r e a s  a r e  l a r g e  

and d r y  b e f o r e  t h e  f l o o d  wav e  a r r i v e s  ( C u n g e ,  1 9 7 5 ) .  I f  t h e  

dam i s  o v e r t o p p e d  by t h e  d i s c h a r g e  f r o m  a h e a v y  r a i n f a l l ,  

t h e  a r e a s  a l o n g  t h e  s t r e a m  c h a n n e l  w i l l  be s a t u r a t e d . a n d  t h e  

l o s s e s  due.  t o  i n f i l t r a t i o n  w i l l  be n e g l i g i b l e  ( C u n g e ,  1 975 ) .

The d e p t h  a t  e a c h  c r o s s - s e c t i o n  i s  c a l c u l a t e d  by an i t ­

e r a t i v e  scheme known  as  t h e  s t a n d a r d  s t e p - b a c k w a t e r  m e t h o d

CC h ow,  1 9 5 9 ;  1 96 4,- B a i l e y  and  Ra y ,  1 9 6 6 ) .  F i g u r e  1 7 . i l l u ­

s t r a t e s  a c h a n n e l  r e a c h  o f  l e n g t h  Ax.  E q u a t i n g  t h e  t o t a l  

h e a d s  a t  t h e  end s e c t i o n s  I and 2 ( F i g .  1 7 ) ,  t h e  t o t a l  

e n e r g y  o f  t h e  s y s t e m  may be w r i t t e n  a s:

Z1 + V^/2g = fZ2 + V^/2g + h ( 1 9 )
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' / / / /

Datum

F i g u r e  17 .  L o n g i t u d i n a l  c r o s s - s e c t i o n  o f  c h a n n e l  l e n g t h  
t o  i l l u s t r a t e  t h e  t e r m s  i n  t h e  s t a n d a r d  s t e p - h a c k  w a t e r  
m e t h o d .  ( F r o m  Chow,  1 9 5 9 ) .
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wh e r e  V j  and Vg a r e  t h e  v e l o c i t i e s ■/ g i s  t h e  g r a v i t a t i o n a l  

c o n s t a n t ,  h ^ i s . t h e  f r i c t i o n  l o s s  e x p r e s s e d  a s :

hf  = Sf  AX (20)

and Z j  and Zg a r e  t h e  w a t e r  s u r f a c e  e l e v a t i o n s :

Z1 = Y1 + Z1 <21)

= ^  + =2  ( 2 2 )

wh e r e  Z j  and Zg a r e  t h e  c h a n n e l  b o t t o m  e l e v a t i o n s .

A known d e p t h  a t  s e c t i o n  I and  a t r i a l  d e p t h  a t  s e c t i o n  

.? a r e  e n t e r e d  i n t o  e q u a t i o n  1 9 ,  The d e o t h  i s  t e s t e d  and  

c o r r e c t e d  u n t i l  t h e  r e s i d u a l  d i s a p p e a r s .  The d e p t h  y g t h e n  

becomes  t h e  known  and a new d e p t h  i s  s o l v e d  f o r  a t  t h e  n e x t  

s e c t i o n .  The d i r e c t i o n  i n  w h i c h  t h e  c o m p u t a t i o n s  a r e  c a r -  . 

r i e d  i s  g o v e r n e d  by t h e  r e g i m e  o f  f l o w  i n  t h e  c h a n n e l .  I f  

t h e  f l o w  i s  s u b c r i t i c a l  t h e  c o m p u t a t i o n s  a r e  c a r r i e d  u p ­

s t r e a m ;  i f  s u p e r c r i t i c a l  t h e y ,  a r e  c a r r i e d  d o w n s t r e a m  ( C h o w ,  

1 9 5 9 ) .

The  c a l c u l a t i o n  o f  t h e  f r i c t i o n  s l o p e '  S^ ,  used  i n  t h e  

b a c k w a t e r  c a l c u l a t i o n ,  r e q u i r e s  an e s t i m a t e  o f  t h e  r o u g h n e s s  

c o e f f i c i e n t  'n. M a n n i n g ' s  n i s  an. e m p i r i c a l  c o e f f i c i e n t  t o  

e s t i m a t e  t h e  r e s i s t a n c e  t o  f l o w  i n  a g i v e n  c h a n n e l  ( C h o w ,

1 9 5 9 ;  1 964 ) .  F u r t h e r m o r e ,  Chow ( 1 9 5 9 ,  p .  I C l )  s t a t e s :
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• t h e  g r e a t e s t  d i f f i c u l t y  l i e s ,  i n  t h e  d e t e r m i n a t i o n  
o f  t h e  r o u g h n e s s  c o e f f i c i e n t  f o r  t h e r e  i s  no
e x a c t ,  m e t h o d  o f  s e l e c t i n g  t h e  n v a l u e .  At  t h e  
p r e s e n t  s t a g e  o f  k n o w l e d g e ,  t o  s e l e c t  a v a l u e  of  
n  „ . . i s  r e a l l y  a m a t t e r  o f  i n t a n g i b l e s  .  .  . »'
f o r  b e g i n n e r s , i t  can be no mor e t h a n  a g u e s s  . „  .

R e a s o n a b l e  f i e l d  e s t i m a t e s  o f  M a n n i n g ' s  w-,  ( . 0 4  5 - . 0 8 5 ) ,  f r o m

t a b l e s  c o n t a i n e d  i n  Chow ( 1 9 5 9 ;  1 9 6 4 )  and  p h o t o  c o m p a r i s o n s  

f r o m  B a r n e s  ( 1 9 6 7 ) ,  y i e l d e d  u n r e a s o n a b l y  l o w  y.a. lues,  f o r  t h e  

f r i c t i o n  s l o p e  S ^  and t h e  f r i c t i o n  l o s s  h ^ . I n  a. s t r e a m  

t h a t  h as  r e a c h e d  a s t e a d y  s t a t e ,  i . e . ,  t h e  r a t e s  o f  i m p o r t  

and e x p o r t  o f  m a t e r i a l  and  e n e r g y  a r e  b a l a n c e d  ( M o r i s a w a ,  

1 9 6 8 ) ,  t h e  f r i c t i o n  s l o p e  c an  be as s umed  t o  be e q u a l  t o  t h e  

bed s l o p e  CD. R . ,  R e i c h m u t h ,  o r a l  c o mmu n . ,  1 9 8 0 ) .  By s e t ­

t i n g . t h e  i n i t i a l  f r i c t i o n  s l o p e  e q u a l  t o  t h e  bed  s l o p e .  

M a n n i n g ' s  M i s  b a c k - c a l c u l a t e d  u s i n g  e q u a t i o n  3 f o r  e ac h  

r e a c h  o f  t h e  s t r e a m .  The n' v a l u e s  f o r  t h e  u p s t r e a m  r e a c h e s  

a r e  e x t r e m e l y  h i g h  due t o  t h e  s t e e p n e s s  and i r r e g u l a r i t y  o f .  

t h e  s t r e a m  b e d . M o r e . e n e r g y  i s  d i s s i p a t e d  i n  a s t r e a m  w i t h  

a s t e e p  s l o p e  and  " d r o p - s t r u c t u r e ' s " ,  ( w a t e r f a l l s  and p o o l s ) , . ,  

t h a n  i n  a s t r e a m  w i t h  a m i l d ,  u n i f o r m  s l o p e .  The i n c r e a s e d  

e n e r g y  l o s s  r r us t  be a c c o u n t e d  f o r  i n  t h e  . M a n n i n g  f r i c t i o n  

t e r m  ( D .  R . ,  R e i c h m u t h ,  o r a l  commun.  ■, 1 9 8 0 ) .
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The m a t h e m a t i c a l  e q u a t i o n s  f r o m t h e  p r e v i o u s l y  

d e s c r i b e d  mo d e l  a r e  r e p r e s e n t e d  i n  a FORTRAN I V c o m p u t e r  

p r o g r a m  l i s t e d  i n  A p p e n d i x  I I .  I n  o r d e r  t o  i n s u r e  t h e  r e a d ­

a b i l i t y  o f  t h e  c o d e  and t o  r e t a i n  t h e  s t r u c t u r e  o f  t he  

m o d e l /  t h e  p r o g r a m  i s  d i v i d e d  i n t o  3 m o d u l e s  o r  s u b p r o g r a m s :  

M A I N L I N E /  BREACH and  NOAH. Each o f  t h e s e  s u b p r o g r a m s  p e r ­

f o r m s  a s p e c i f i c  t a s k .  I n  MA I N L I N E /  t h e  " h o u s e k e e p i n g "  

m o d u l e /  a l l  v a r i a b l e s  a r e  r e a d  i n /  i n i t i a l  c o n d i t i o n s  a r e  

e s t a b l i s h e d /  c a l l s  t o  t h e  BREACH and. NOAH s u b p r o g r a m s  a r e  

r e g u l a t e d /  o u t p u t  d a t a  i s  g e n e r a t e d  and s t o r e d /  and u s e r  

i n f o r m a t i o n ,  i s  p r o v i d e d  c o n c e r n i n g -  i n p u t  a n d  o u t p u t  f o r m a t s  

as w e l l  as v a r i a b l e  l i s t s  and  d e f i n i t i o n s .  The BREACH mod ­

u l e  s i m u l a t e s  t h e  t i  m e - d e p e n d e n t  f a i l u r e  o f  t h e  dam ar id t h e  

b r e a c h  hyd  r o q r a p h ,  w h i l e  NOAH r o u t e s  t h e  f I c o d w a v e  d o w n ­

s t r e a m .  (NOAH was m o d i f i e d  f r o m  a p r o g r a m  by Ame i n  and 

F a n g /  1 9 6 8 ) .

I n  o r d e r  t o  e x e c u t e  t h e i r  s p e c i f i c  a s s i g n m e n t s /  e ac h  o f  

t h e s e  m o d u l e s  r e q u i r e =  t h e  f o l l o w i n g  s u b r o u t i n e s :  and f u n c t i o n  

s u b r o u t i n e s  t o  s o l v e  r e p e t  a t i ve o r  s p e c i a l i z e d  c a l c u l a t i o n s .  

AREA -  f u n c t i o n  s u b r o u t i n e  t o  c a l c u l a t e  t h e  c r o s s - s e c t i o n a l  

a r e a  as a f u n c t i o n  o f  d e p t h .

BACKWATER -  s u b r o u t i n e  t o  d e t e r m i n e  t h e  i n i t i a l  c o n d i t i o n s  

o f  d e p t h ,  and  d i s c h a r g e  a t  e a c h  c r o s s - s e c t i o n .



DRCDY -  f u n c t i o n  s u b r o u t i n e  t o  c o m p u t e  t h e  d e r i v a t i v e  o f .  t h e  

r a t i n g  c u r v e  a t  t h e  d o w n s t r e a m  b o u n d a r y  w i t h  r e s p e c t  t o  

d e p t h .  .

DRDY -  f u n c t i o n  s u b r o u t i n e  t o  t a k e  t h e  d e r i v a t i v e  o f  t h e  

h y d r a u l i c ,  r a d i u s  w i t h  r e s p e c t  t o  d e p t h .

DTWDY f u n c t i o n  s u b r o u t i n e  t o  t a k e  t h e  d e r i v a t i v e  o f  t h e  

t o p  w i d t h  w i t h  r e s p e c t  t o  d e p t h .

LAKE -  s u b r o u t i n e  t o  c a l c u l a t e  t h e  w a t e r ,  s u r f a c e  e l e v a t i o n  

o f  t h e  r e s e r v o i r  as a f u n c t i o n  o l . t h e  l a k e  v o l u m e .

MATRIX- -  s u b r o u t i n e  t o . g e n e r a t e  t h e  c o e f f i c i e n t  m a t r i x .

OUTLET -  f u n c t i o n  - s u b r o u t i n e  t o  c a l c u l a t e  t h e  d i s c h a r g e

t h r o u g h  t h e  o u t l e t  g a t e s  as a f u n c t i o n  o f  l a k e  l e v e l .

RADIUS -  f u n c t i o n  s u b r o u t i n e  t o  d e t e r m i n e  t h e  h y d r a u l i c  

r a d i u s  o f  t h e  b r e a c h .

RATING -  f u n c t i o n  s u b r o u t i n e  t o  c a l c u l a t e  t h e  d i s c h a r g e  at  

t h e  d o w n s t r e a m  b o u n d a r y  as a f u n c t i o n  c f d e p t h  .

SiMEQ -  s u b r o u t i n e  t o  s o l v e  t h e  c o e f f i c i e n t  m a t r i x . u s i n g  a 

m o d i f i e d  G a u s s i a n  e l i m i n a t i o n . m e t h o d  ( G a u s s - J o r d a n )  t o  

s o l v e  t h e  m a t r i x  i n  p l a c e  and  c o n s e r v e  s t o r a g e  s p a c e .

SPI LLWAY. . -  f u n c t i o n  s u b r o u t i n e  t o  c o m p u t e  t h e  d i s c h a r g e -

t h r o u g h  t h e  s p i l l w a y  as a f u n c t i o n  of  t h e  l a k e  l e v e l .

T O P W -  f u n c t i o n  s u b r o u t i n e  t o  c a l c u l a t e  t h e  t o p  w i d t h  a t  . 

e a c h  c r o s s - s e c t i o n  as t h e  d e r i v a t i v e  o f  t h e  c r o s s -



s e c t i o n a l  a r e a  w i t h  r e s p e c t  t o  d e p t h .
' •

VOLUME -  f u n c t i o n  s u b r o u t i n e  t o  d e t e r m i n e  t h e  v o l u m e  o f . t h e  

r e s e r v o i r  as a f u n c t i o n  o f  t h e  r e s e r v o i r  d e p t h .

WP -  f u n c t i o n  s u b r o u t i n e  t o  c o m p u t e  t h e  w e t t e d  p e r i m e t e r  o f  

t h e  s t r e a m  c h a n n e l  as a f u n c t i o n  o f  d e p t h .

The l o g i c a l  p r o g r e s s i o n  t h r o u g h  t h e  p r o g r a m  and  t h e  s e q u e n c e  

o f  s u b r o u t i n e  c a l l s  i s  i l l u s t r a t e d  i n  a f l o w  c h a r t . i n  Ap p -  

p e n d i x I .

I n f o r m a t i o n  o f  i n t e r e s t  t o  be g a i n e d  f r o m  t h e  s i m u l a ­

t i o n  i n c l u d e s  t h e  maxi mum,  v a l u e s  o f  d e p t h ,  d i s c h a r g e ,  t o p  

w i d t h ,  w a t e r  s u r f a c e  e l e v a t i o n s ,  and .  t h e  t i m e  o f  o c c u r r e n c e  

o f  t h e s e  max i mum v a l u e s  a t  e ac h  c r o s s - s e c t i o n  a l o n g  t h e  

s t r e a m .  I n  a d d i t i o n ,  a. c o n t i n u o u s  r e c o r d  o f  d i s c h a r g e  i s  

c o l l e c t e d  a t  v a r i o u s  c r o s s - s e c t i o n s  ( t o  be s e l e c t e d  by t h e  r 

u s e r )  f o r .  p l o t t i n g  h y d r o g r a p h s . .



RESULTS

The p r o g r a m  was t e s t e d  and r u n  s u c c e s s f u l l y  w i t h  d a t a  

d e f i n i n g  an i m a g i n a r y  s t r e a m  w i t h  u n i f o r m  c r o s s - s e c t i o n s  and 

a u n i f o r m  bed s l o p e .  H o w e v e r ,  when t h e  d a t a ,  f i l e  d e f i n i n g  

Bozeman C r e e k  was i n p u t ,  t h e  p r o g r a m  f a i l e d  t o  r u n  s u c c e s s ­

f u l l y .  The  a u t h o r  b e l i e v e s  t h i s  i s  due t o  t h e  c h a n g e s  i n  

t h e  f l o w  r e g i m e  i n  Bozeman C r e e k .

The e x t r e m e  v a r i a b l i t y  o f  t h e  c h a n n e l  c r o s s - s e d i o n s  

and t h e  bed  s l o p e  o f  Bozeman  Cr e e k  c r e a t e  " c o n t r o l  s e c t i o n s "  

w h i c h  r e g u l a t e  t he .  f l o w  r e g i m e .  A c o n s t r i c t i o n  i n  t h e  c h a n ­

n e l  i m p e d e s  t h e  f l o w  o f  w a t e r  p r o d u c i n g  s u b c r i t i c a l  f l o w  and 

a b a c k w a t e r  a r e a  u p s t r e a m  o f  t h e  c o n s t r i c t i o n ,  and s u p e r ­

c r i t i c a l  f l o w  a t  t h e  c o n s t r i c t i o n .  S i m i l a r l y ,  a c h a n g e  i n  

t h e  bed- s l o p e ,  f r o m  s t e e p  t o  g e n t l e ,  o r  an e x p a n s i o n ,  i n  t he  

c h a n n e l ,  a l t e r s  t h e  f l o w  r e g i m e  f r om s u p e r  t o  s u b c r i t i c a l  

( C h o w , 1 9 5 9 ) .

T h e s e  " c o n t r o l  s e c t i o n s "  p r e s e n t  a p r o b l e m  i n  e s t a b ­

l i s h i n g  t h e  i n i t i a l  c o n d i t i o n s  o f  f l o w .  I n  a s t r e a m  w h e r e  

t h e  f l o w  r e g i m e  i s  c o n s t a n t  o v e r  t he  t o t a l  l e n g t h ,  t h e  w a t e r  

s u r f a c e  p r o f i l e  may be c o m p u t e d  by a . s i n g l e  b a c k w a t e r  c a l c u ­

l a t i o n .  H o w e v e r ,  w i t  h: a c h a n c e  i n  t h e  f l o w  r e g i m e ,  t h e  

i n i t i a l  d e p t h s  mus t  be known a t  each  " c o n t r o l  s e c t i o n "  and a 

s e p a r a t e  b a c k w a t e r  p r o f i l e  c o m p u t e d  f o r  e a c h  r e a c h  b e t w e e n  

t h e  " c o n t r o l  s e c t i o n s " .  A n e t w o r k  o f  g a g i n g  s t a t i o n s  a l o n g
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Bozeman C r e e k  may n o t  s o l v e  t h e  p r o b l e m  c o m p l e t e l y .  C o n s -  

s t r i c t i o n s  i n  t h e  s t r e a m  c h a n n e l  may o n l y  e x e r t  c o n t r o l  on 

t h e  f l o w  u n d e r  h i q h  w a t e r  c o n d i t i o n s .  T h e r e f o r e ,  g a g i n g  t h e  

s t r e a m  u n d e r  n o r m a l  f l o w  c o n d i t i o n s  may n o t  a l l o w  r e a l i s t i c  

e x t r a p o l a t i o n s  . f o r  a h i g h  d i s c h a r g e  e v e n t .

A n o t h e r ,  p r o b l e m  i n v o l v i n g  t h e  c h a n g e s  i n  f l o w  r eg i me -  i s  

t h e  e s t a b l i s h m e n t  o f  b o u n d a r y  c o n d i t i o n s .  Each o f  t h e s e  

" c o n t r o l  s e c t i o n s "  a c t  as i n t e r m e d i a t e  b o u n d a r y  c o n d i t i o n s  

and as s u c h  r e o u i r e  r a t i n g  c u r v e s  t o be i n c o r p o r a t e d -  i n t o  

t h e  m a t r i x  s o l u t i o n  ( M. A m e i n ,  p e r s o n a l  c o m m o n . ,  1 9 8 1 ) .  

W i t h o u t  t h e  r a t i n g  c u r v e s  f r o m  t h e  g a g i n g  d a t a ,  t h i s  t a s k  i s  

i m p o s s i b l e .  B e c a u s e  o f  t h e s e  p r o b l e m s  t h e  r o u t i n g  p o r t i o n  - . 

o f  t he  mode l  i s  n o t  a p p l i c a b l e  t o  Bozeman C r e e k .  T h e r e f o r e ,  

t h e  m a g n i t u d e ,  t i m i n g . a n d  e x t e n t  o f  f l o o d i n g  f r o m  t h e . f a i l ­

u r e  o f  t h e  dam c a n n o t  be s i m u l a t e d .  .

H o w e v e r ,  a r o u g h  f i r s t  a p p r o x i m a t i o n  o f  t h e  d e p t h  o f  

f l o w  a t  t h e  c a n y o n  mo u t h  c a n  be e s t i m a t e d  by  p l o t t i n g  t h e  

p e r c e n t a g e  a t t e n u a t i o n  o f  t h e  b r e a c h  h y d r o g r a p h  a g a i n s t  t h e  

d e p t h ,  o f  f l o w .  The t o t a l  c o n v e y a n c e  K at- L e v e r i c h  Road i s  

t a b u l a t e d  as a f u n c t i o n  o f  d e p t h  by  t h e  U . S .  S o i l  C o n s e r v a ­

t i o n  S e r v i c e  ( R. ,  B e r g a n  t i n e ,  - p e r s o n a l  c o m m o n . ,  1 9 8 1 ) .  For  

For  any  d i s c h a r g e  Q,  and a c h a n n e l  s l o p e  S o f  0 . 0 1 ,  t he.  

t o t a l  c o n v e y a n c e  c an  be c a l c u l a t e d  a s :



6.8

K = Q /  Y F ( 2 3 )

The.  d e p t h  c o r r e s p o n d i n g ,  t o  t h e  c o n v e y a n c e  i s  r e a d  f r o m t h e  

SCS t a b l e  and p l o t t e d  a g a i n s t  t h e  p e r c e n t a g e  a t t e n u a t i o n  i n  

f i g u r e  1 8 .  F i g u r e  18 p r e s e n t s  a l l  p o s s i b l e  c a s e s  f o r  c o n ­

s i d e r a t i o n :  t h e  w o r s t  p o s s i b l e - - 0 %  a t t e n u a t i o n ,  and. t h e  b e s t

p o s s i b l e — 100% a t t e n u a t i o n . . Bas ed  on t he.  h y d r o g r a p h s  f r om 

t h e  T e t o n  and B u f f a l o  C r e e k  dam f a i l u r e s ,  a 60 p e r c e n t  

a t t e n u a t i o n  o v e r  t he .  7. m i l e s ,  b e t w e e n  t h e  dam and t h e  c a n y o n  

mo u t h  i s  r e a s o n a b l e  ( F r e a d ,  1 9 8 0 ) .  A c r o s s - s e c t i o n a l  p r o ­

f i l e  a t  L e v e r i c h  Road ( F i g .  19)  i l l u s t r a t e s  t h e  e x t e n t  o f  

f l o o d i n g  f o r  a l l  c a s e s  o f  a t t e n u a t i o n .  The 500 y e a r  f l o o d ,  

i s  d e n o t e d  i n  f i g u r e s  18 and 19 as a r e f e r e n c e  p o i n t  t o  

i n d i c a t e  t h e  m a g n i t u d e  o f  t h e . e s t i m a t e d  f l o o d .
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F i g u r e  1 8 .  D e p t h  o f  f l o w  at  t h e  c a n y o n  mou t h  ( L e v e r i c h  Rd.  ) 
as a f u n c t i o n  o f  t h e  p e r c e n t a g e  a t t e n u a t i o n  o f  t h e  b r e a c h  
o u t f l o w  h y d r o g r a p h  ( F i g .  1 0 ) .  A 60 p e r c e n t  a t t e n u a t i o n ,  
b a s e d  on p r e v i o u s  dam f a i l u r e s ,  p r o d u c e s  a d e p t h  o f  f l o w  
o f  1 0 . 5  f e e t ;  4 . 5  f e e t  d e e p e r  t h a n  t h e  500  y e a r  f l o o d .
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F i g u r e  19 .  C r o s s - s e c t i o n a l  p r o f i l e  a t  L e v e r i ch R d .  t o  c e m o n s t r a t e  
t h e  e x t e n t  o f  f l o o d i n g  f o r  3 c a s e s  o f  a t t e n u a t i o n :  0% ( w o r s t  
p o s s i b l e  c a s e ) ,  60% ( f i r s t  a p p r o x i m a t i o n ) ,  and 9 8 . 5 % ( 5 0 0  y e a r  
f l o o d ) .  ( P r o f i l e  d a t a  f r o m  R . ,  B e r g a n t i n e ,  p e r s o n a l  r ommun. ,  
1 9 8 1 ) .
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SUMMARY AND CONCLUSIONS'

1 )  . M y s t i c  L a k e  dam was c o n s t r u c t e d  u s i n g  e n g i n e e r i n g  

p r a c t i c e s  t h a t  a r e  now o u t d a t e d .  Compar ed  t o  mo d e r n  s a f e t y  

r e q u i r e m e n t s ,  t h e  e mb a n k me n t  s l o p e s  a r e  o v e r l y  s t e e p . "  The 

m a s o n r y  c o r e  w a l l  i s  c r a c k e d  and does  n o t  e x t e n d  t h r o u g h  t h e  

t o t a l  l e n g t h  o f  t h e  dam.  Wher e  t h e  c o r e  w a l l  i s  a b s e n t ,  

w a t e r  s e e p s  t h r o u g h  t h e  dam and pon d s  i n  a d e p r e s s i o n  a t  t h e  

t o e  o f  t h e . d a m .  The s p i l l w a y  i s  i n a d e q u a t e  t o  h a n d l e  a 

f l o o d  w i t h  a d i s c h a r g e  g r e a t e r  t h a n  7 R.O c f s .

2 )  . The dam i s  l o c a t e d  i n  a u n s t a b l e  G e o l o g i c  s e t t i n g .  

The e a s t e r n  h a l f  o f  . t he  dam i s  f o u n d e d  i n  t h e  t oe  o f  a r e ­

c e n t  l a n d s l i d e  and t h e  w e s t e r n  a b u t m e n t  i n  w e a t h e r e d  d o l o ­

m i t e  and  f r i a b l e ,  s a n d s t o n e . .  P o r e - p r e s s u r e  f r o m  t h e  s e e p a g e  

w a t e r  p o n d i n g  a t  t h e  t o e  o f  t h e  dam e s c a l a t e s  t h e  r i s k  o f  

damage f r o m  an e a r t h q u a k e  i n  an a l r e a d y  h i g h  s e i s m i c  r i s k '  

z o n e .  S l u mp  s c a r p s  p r e s e n t  i n  t h e  l a n d s l i d e  d e p o s i t  d i r e c t ­

l y  b e l o w  t h e  dam a r e  a t t r i b u t e d  t o  t h e  i n c r e a s e d  o o r e - p r e s -  

s u r e  f r o m  t h e  s e e p a g e  p o n d .  The dam i s  a l s o  . u n d e r g o i n g  

d i f f e r e n t i a l  s e t t l e m e n t  w h i c h  h a s  i n  t h e  p a s t  l e a d  t o  t h e  

f a i l u r e  o f  t h e  o u t l e t  p i o e s  and n e a r  f a i l u r e  o f  t h e  dam'  due 

t o  p i p i n g .

3 )  . I f  o v e r t o p p e d ,  t h e  dam w o u l d  f a i  I r a p i d l y  a nd .  ■ 

p r o d u c e  a p eak  d i s c h a r g e  o f  8 3 , 5 0 0  c f s ,  c r e a t i n g  a s e v e r e
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p o t e n t i a l  f o r  p r o p e r t y  damage,  and p o s s i b l e  l o s s  o f  l i f e ,

4 )  „ The r a p i d l y - v a r i e d  f l o w  a s s o c i a t e d  w i t h  a dam-  

b r e a k  f l o o d w a v e  has a p p r e c i a b l e  a c c e l e r a t i o n  and  f r i c t i o n a l  

e f f e c t s  and  c an  o n l y  be m o d e l l e d  b y  a h y d r a u l i c  r o u t i n g  

me t ho d  u t i l i z i n g  t h e  c o m p l e t e  e q u a t i o n s '  o f  u n s t e a d y  f l o w ,

5 )  . The f o u r - p o i n t  i m p l i c i t  m e t h o d . i s  t h e  b e s t  f i n i t e  

d i f f e r e n c e  s c heme f o r  t h e  n u m e r i c a l  s o l u t i o n  o f  t h e  u n s t e a d y  

f l o w  e q u a t i o n s  b e c a u s e  i t  i s  u n c o n d i t i o n a l l y  s t a b l e #  n o t  r e ­

s t r i c t e d  t o  s m a l l  t i m e  s t e p s #  and t h e  d i s t a n c e  s t e p s  need ,  

n o t  be c o n s t a n t .

6 )  . Ch a ng e s  i n  the. f l o w  r e g i m e  i n  Bozeman Cr e e k  p r e ­

s e n t  i n s u r m o u n t a b l e  p r o b l e m s  i n  e s t a b l i s h i n g  t h e  i n i t i a l  

c o n d i t i o n s  o f  f l o w  and i n t e r m e d i a t e  b o u n d a r y  c o n d i t i o n s .  

W i t h o u t  s t r e a m  g a g i n g  d a t a #  t he  mode l  i s  n o t  a p p l i c a b l e  t o  

Bozeman C r e e k  and  t h e  e x t e n t  o f  f l o o d i n g  c a n n o t  be m o d e l l e d .

7 ) .  A f i r s t  a p p r o x i m a t i o n  o f  t h e  e x t e n t  o f  f l o o d i n g  

can be a c h i e v e d  by p l o t t i n g  t h e  d e p t h  o f  f l o w  a g a i n s t  t h e  

p e r c e n t a g e  a t t e n u a t i o n  o f  t h e  b r e a c h  h y d r o g r a p h .  A 60% 

a t t e n u a t i o n  y i e l d s  a d e p t h  o f  f l o w  o f  1 0 . 5  f e e t  a t  t h e  c a n ­

yon  mo u t h #  4 . 5  f e e t  d e e p e r  t h a n  t h e  500 y e a r  f l o o d .
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APPENDIX I 
• PROGRAM FLOW CHART

/READ ■ IN DATA/

I N I T I A L I Z E '  VARI ABLES AND CONSTANTS'

GO SUB BACKWATER

PROJECT "KNOWN" VALUES

COMPUTE NUM LOOPS .IN BREACH 
NUM = ( T / 2 Q)  /  TSTEP

BREACH

T = T  + DT

— :— ( no a h )

ASSIGN NEW "KNOWN" VALUES

COMPUTE MAX VALUES

/ o u t p u t  HYDROGRAPh s /

T < TF I N AjZ>—N O -/ O U TPU T MAX VALUES^



APP E NDI X . I I  
■ PROGRAM L IS TI  NG

* * * * * * * > * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C
C . MAI NL I NE PROGRAM
C' . ■■ , '
C HOUSEKEEPING- MODULE TO I N I T I A L I Z E  CONDI TI ONS AND REGULATE 
C CALLS TO THE BREACH AND NOAH SUBPROGRAMS..
C

C O M M O N / A R R A Y / A ( 2 0 0 , 2 Q 0 ) , N
COMMON/BREACHS/ M U M , T S T E P , L O , L I , L2 , DE P T H , BD,HDAM,  '

* AREAS, FLAG,  IN LAKE ,.T Ql  , V O L , M NB ^T "FAIL .
C OMMON/PAR AME TERS /  Y. ( 1 0 0 , 2  ) ,Q (1 0 0 , 2  ) ,  Z- ( I CO ) ,MN ( I 0 0 )  ,

* I NFLO (1 OO).,. D I ST ( 1 0 0 ) - ,  QMAX < 100 ) , YMAX M O O ) ,  T M A X ( I O O ) ,
* ' XSEC (5 ) ,  D T , T

- CQMMON/COE FS/ ACT(  i -00)  ,  AC2(  I 00)  < AC3 ( I  O O  ,RC1 , R C 2 ,  RC 3- 
COM MON/CO N ST A.NTS/G,T F I N A L , TH FT A ,M N ,Q T OL , YTOL .
REAL L A K E , L O , L I , L 2 , I N F L 0 , M N 8 , I N L A K E , MN 
INTEGER FLAG, XSEC ' .

C . /  • -
* ■  A * *  A * * * * * * * * * * * * * * * * . * * .  * * * * * * * * * * * * * *  f t *  *  *  *  *  * - *  * * * * * * * * * * * * * * *

C -■ . - :
C USER IN FORMAT ION : . . .
c - '

• . .  • . -A*********************.  * * * * * * * * * * * * * * * * * * ********************

SUBROUTINES REQUIRED 
-' MAI NL I NE , - BREACH -  . NOAH

BACKWATER LAKE - .MATR I X 
' • S I M E Q.

C . . . -* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * *
c . . ■ . :  ... :  ■ ■ ; .  . ■
C FUNCTION SUBROUTINES REQUIRED
C . MAI NL I NE > ' ■ BREACH NOAH ■
C
C OUT L ET X ) O U T L E T ! ) A R E A ! ) '
c. SPI LLWAY ( ) R A D I U S ! )  ■ DRCDY( )
C • ■ . . VOLUME! )  . SPI L L WAY! ) DRDYO
C VOLUME! ) . . DTWDY.! )
C

• •• : . RAT I NG! )
C .RCY ( )

. C ' TOPW( )
C
C

• WPO
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* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C " 1
C INPUT FORMAT:
C ' .
C THE INPUT WI LL BE DISCUSSED IN TWO SECTI ONS,  ONE FOR
C EACH SUBPROGRAM -  BREACH- AND NOAH. ALL INPUT WI LL BE REAC 
C. I N IN AN ' F ' FORMAT UNLESS SPECI F I ED OTHERWI SE.  THE 6 F ' .
C F ORMAT -CONTROL .REQUI RES ONLY THAT THE DATA BE SEP EPATED BY 
C COMMAS OR. SPACES. '  E I THER.  RE AL OR INTEGER VALUES CAN BE ■
C READ IN WITH NO OTHER FORMATTING S P E C I F I C A T I O N S .
C EG.  3 . 5 0 6 ,  I 5 , 0 .  I 7 6 3 E -  2 5
C . •
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

c ' ' - ■ • ’ . ■ .
C BREACH VARI ABLES 
C ; . :
C VARI ABLE DEF I N I T I ON
C -
C AREAB = BREACH.AREA
C AREAF = EFFECTI VE - AREA OF BREACH FLOW
C BD . - -- = ■ BREACH DEPTH AT EACH TIME STEP
C BQ DISCHARGE THRU THE BREACH
C DEPTH = I N I T I A L  LAKE DEPTH
C DL = CHANGE IN LAKE LEVEL FROM THE LAST TIME STEP,
C USED AS A CORRECTOR TO PROJECT THE CHANGE IN
C ' LAKE LEVEL FOR THE NEXT TI ME ,STEP
C D T -  ' =  CHANGE IN- TI ME PER 'NlJM ' LOOPS THRU BREACH

X-  FD - ' =  DEPTH OF FLOW IN THE BREACH CHANNEL
C HDAM = DAM ---H EIGHT ( 4 8  F EE T )
C I NLAKE = INFLOW INTO THE LAKE ( CFS)
C - LO .= LAKE LEVEL AT THE TIME STEP T- 2
C L i  '' , = LAKE LEVEL AT THE TIME STEP T - I
C |_2 ' ■'= LAKE LEVEL CALCULATED AT PRESENT TIME STEp T
C LDUM = PROJECTED LAKE LEVEL FOR PRESENT TIME STEP T
C MNB = MANNI NG' S -N FOR THE BREACH CHANNEL
C NUM ' = NUMBER OF LOOPS THRU B REACH FOR EVERY CALL TO
C NOAH
C SLOPE . = FRI CTI ON SLOPE OF THE BREACH CHANNEL
C T = TIME STEP COUNTER
C T F A I L  . = ESTIMATED.  TIME OF FAILURE
C ■■ TQ I = SUM DISCHARGE FROM THE S P I L L WA Y,  OUTLETS, .
C .AND BREACH ( CFS)  -  START OF EACH CALL TC THE
C BREACH SUBROUTINE -
C TQ 2 '= SUM DISCHARGE FROM THE SPI L L WAY,  OUTLETS,
C- ; AND. BREACH ( CFS)  - ,  AFTER ' N. U M' LOOPS IN THE
C BREACH SUBROUTINE
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C TSTEP = TIME STEP INCREMENT ( s e c o n d s )
C TZERO = STARTI NG TIME FOR EACH CALL TO PREACH
C ' VOL = VOLUME OF THE LAKE
C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C
c . BREACH DATA REQUI REMENTS:  < .
C ..
C CARD OR RECORD I :  COMMENT CARD. (SEE EXAMPLE DATA)
C CAhD OR RECORD 2 :  I N I T I A L  CONDI TI ONS OF THE BREACH .

READ ( 1 0 5 , 1  > D E P T H , I N L A K E , TST Ep ,M N B , T F A I L  
I FORMAT( / , 5 ( F ) )

C :* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C -
C I N I T I A L I Z E  BREACH CONSTANTS AND VARI ABLES 

T = FLAG = O.O 
. H D A M = 4 8 .  O . ■

LO=L I =DEPTH 
VOL=VOLUME( DEPTH)
BD=OeO
T Q I = S P I L L W A Y ( DEPTH) + OUTLET (DEPTH)

C -* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C •
C NOAH VARI ABLES
c -  :
C VARIABLE' DEFI NI T I ON.
C
C . AA( I , J ) S COEFFI CI ENT MATRIX
C Al = AREA AT. NODE I ,  J
C A 2 = AREA A T . NODE. '  I , J+1
C A3 S AREA AT NODE 1 + 1 , J
C A4 S AREA A T . NODE- ' 1 + 1 , J+1
c. A C I , 2 , 3 S COEFFI CI ENTS OF THE . DEPTH-A RE A 'CURVE AT EACH

C X - S E C T I  O N-
C AVA S AVERAGE AREA BETWEEN A2 AND A4
C AVR . = AVERAGE HYDRAULIC RADIUS BETWEEN R 2 AND R 4

C - AVQ ■ AVERAGE. DISCHARGE BETWEEN. Q2 A N D • Q 4
C D I S T ( I ) '= DISTANCE BETWEEN; NODE-S I AND 1+1
C DQ r CHANGE IN DISCHARGE
C • DQDT = CHANGE IN DISCHARGE WITH CHANGE IN. TIME
C DQDX = CHANGE IN DISCHARGE WITH CHANGE ' I N  DISTANCE
c. DT r CHANGE IN TIME (TIME-  STEP)
C ■ DT D X . S CHANGE. IN TI ME WI TH. CHANGE IN DISTANCE
C ■' DXDT Z CHANGE IN DISTANCE- WITH CHANGE IN T IMF
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C DY = C H AN,G E IN DEPTH .
C DY DT ■ S CHANGE IN DEPTH WITH CHANGE IN TIME
C DYDX = CHANGE IN DEPTH WITH CHANGE IN DISTANCE
C ■ G = GRAVITATIONAL -CONSTANT
C . INFL 0.( I ) S LATERAL INFLOW ALONG CHANNEL LENGTH DX(I)
C MN(I). S MANNING'S N FOR EACH REACH '
C PEAKT = TIME OF ARRIVAL OF TH E PEAK
C PC EQ 2 -= PARTIAL DERIVATIVE OF THE CONTINUITY EQUATION
C- WITH RESPECT TO Q2
c. PCEQ4 . S PARTIAL D ER IVATIVF OF THE CONTINUITY EQUATION
C . WITH RESPECT TO Q4
C . PC E Y 2 = .■PARTIAL DERIVATIVE OF THE CONTINUITY EQUATION
C WITH RESPECT TO Y2
C PC E YA = PARTIAL DERIVATIVE OF THE CONTINUITY EQUATION
C WITH RESPECT TO Y4
C PM EQ 2 S ' PARTIAL DERIVATIVE OF THE MOMENTUM EQUATION
C WITH RESPECT TO Q2
C PM E Q 4 =■ PARTIAL DERIVATIVE OF THE MOMENTUM EQUATION
C WITH RESPECT 10.Q4
C . PM E Y 2' S PARTIAL DERIVATIVE OF THE MOMENTUM EQUATION
C WITH. RESPECT TO Y 2
C PMEY 4 = . PARTIAL DERIVATIVE OF THE MOMENTUM EQUATION
C WITH R ESPEC T TO Y4
C Ql = DISCHARGE AT NODE I / J
C ■ Q2 r DISCHARGE. AT NODE I/J+1
C Q3 S DISCHARGE AT NODE 1+1/J
C Q 4 = DISCHARGE AT NODE.' I+1/J+1
C QMAX.( I ) • •r MAXIMUM DISCHARGE AT EACH X-SECTION
C ' QTOL = TOLERANCE LIMIT FOR ERROR IN DISCHARGE ( 50. 0
C . C F S )
C R2 s • HYDRAULIC RADIUS AT NODE I/J+1
C P A ­ S HYDRAULIC RADIUS AT NODE I +I/J+1
C RC I / 2 / 3 = COEFFICIENTS OF THE DOWNSTREAM RATING CURVE
C RCE = RESIDUAL OF THE CONTINUITY EQUATION
C RESY S DEPTH RES IDUAL
C ' RESQ = DISCHARGE RESIDUAL ■
C RME S RESIDUAL OF THE MOMENTUM EQUATION
C SF S FRICTION SLOPE TERM .
C .. SLOPE. S • WATER ,.SURFACE SLOPE.
C T ■ = TIME STEP COUNTER
C TF I NAL S TIME FOR TERMINATION ,
C THETA ' S WEIGHTING COEFFICIENT ;
C TMAX(I) ' S TIME OF PEAK EVENT. AT EACH X-SECTION/
C TW2 ' = TOP WIDTH AT NODE I/J+1 • "
C ■ TW'4 S TOP WIDTH AT NODE I+1/J+1
C XSEC(L) S X-SECTIONS AT WHICH HYDROGR APHS ARE GENERATED
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C Yl = DEPTH AT NODE I z J
C ■ Y 2 52 DEPTH AT NODE I z J t I
C Y 3 r- DEPTH A F ' NO D E I + I z J
C Y 4 = DEPTH AT NODE 1 + 1 zJ+1 .
C YMAX ( I ) =■ MAXIMUM DEPTH AT EACH X-SEC T ION
C YTOL S TOLERANCE L I M I T  FOR ERROR I N DEPTH ( . 0 5  FEET)
C
C

Z ( I ) = CHANNEL BOTTOM ELEVATION Al EACH X- SECTI ON

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *,* * * * * * * * * *
C
C NOAH DATA REQUIREMENTS:
C
C CARD OF RECORD 3: COMMENT CARD (SEE EXAMPLE DATA)
C CARD OR RECORD 4; ROUTING CONSTANTS FOR NOAH

READ(I 05,1 ) NzTF INAL,THETAzQTOL,YTOL 
C
C CARD OR RECORD 5: X-SECT IONS FOR HY DRO GRAPHS (LIMIT = A)
C XSEC(I)=DAMSITE

R E A D ( I O 5 z ? ) ( X S E C ( I ) z I = 2 z 5 )
2 FORMAT( 4 ( F))

C
C CARD OR RECORD 6: COMMENT CARD (SEE EXAMPLE DATA)
C CARDS OR RECORDS 7 -  N+ 7 :  VARIABLES AT EACH NODE

R E A D ( I O 5 z 3 ) ( Z ( I ) z D I S T ( I ) ,  I N F LO ( I ) ,  I = I ,  N )
3 FORMAT( / , 3 (F))

C
C CARD.OR RECORD N+8: COEFFICIENTS OF THE DOWNSTREAM
C RAT ING CURVE

READ ( 105 , 4 )  R C I z RC 2 z R C.3 '
4 FORMAT(3(F))

C
C CARDS OR RECORDS N+9 -  2N+9; DEPTH-AREA COEFFICIENTS 

READ(I 0 5 , 4 ) (AC1(I) , A C 2 ( I ) z,AC3(I ) , I = I , N)
C
* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C INITIALIZE NOAH CONSTANTS AND VARIABLES 

G = 32. 2  
N N = 2. * N 
XSEC(I)=I 

C
C COMPUTE THE INITIAL VALUES OF DEPTH AND DISCHARGE AT EACH 
C CROSS SECTION

CALL BACKWATER
c •
C SET THE MAX VALUES TO ZERO
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DO 5 I = 1 , N
QMAX ( I )  =YMAX ( . D = T M A X ( I ) = O , O

5 CONTINUE

C - • ****** . ** * * * *  W . * * * * * * * * * * * * * * * * * * * * * ^ * * * * * * *  * * * * * * * * * * * * * * * * * *
c '
C START THE SI MULATI ON  
C
C TEST RUN TIME

6 'I F (T .GE .T F INAL ) GO TO 1 V  
C
C PROJECT THE VALUES AT THI S TIME STEP TO T HE NEXT STEP 

DO 7 I = I z N  
Q ( I , 2 ) = Q ( I , I )
Y ( I , 2 ) = Y ( I , I )

7 CONTINUE
c • - .
C COMPUTE "NUM" LOOPS IN BREACH AS A FUNCTION OF THE ARRIVAL  
C TIME OF THE WAVE.  WHEN T > T F A I L ,  THE TI ME.  OF ARRIVAL O F 
C THE PEAK AT ANY CROSS-SECT ION I S EQUAL TO THE PRESENT 
C T I ME;  T IS TREATED AS THE PEAK ARRIVAL T I ME.
C . .

PEAKT=T
IF ( P E A K T . L T . T F A I ' L )  PEAKT=TFAI L  
NUM = ( P E A KT /  Z O .  O ) /TST-EP + . 5  .

C
C CALCULATE THE NEW OUTFLOW FROM T HE. BREACH 

CALL BREACH
C '
C ROUTE THE FLOO DWAVE DOWNSTREAM 

CALL NOAH
C . .
C RE- ASSI GN "KNOWN" VALUES FOR THE NEXT TI ME STEP 

DO 8 I = I ,  N 
Q ( I z I ) = O ( I z Z )
Y ( I z I ) = Y ( I z Z )

8 CONTINUE
C
C TEST FOR MAX DEPTH AND DISCHARGE AND SET TIMES OF PEAK.

DO 9 I = I z N
I F ( Y ( I , Z ) . GT. YMAX ( I ) ) ' Y MAX ( I )  = Y ( I z Z ) )  T M A X ( I ) = T - D T  
TF (Q ( I z-Z ) .  GT .QMAX ( I ) ) QMAX ( I )=Q ( I zZ)  ; TMA X ( I ) = D D T

9 CONT INUE
C ' . ,
C OUTPUT DATA FOR HYDROGRAPHS AT SELECTED X-SEC TI  ONS 

WR I T E ( 1 0 1 , 1 0 )  T , ( 0 ( X S E C ( L ) z Z ) z L = 1 , 5 )
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90

C
C LOOP THRU. AGAI N I F  TFI NAL HAS NOT BEEN REACHED »

GO TO 6 
C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C OUTPUT FI NAL RESULTS 

I I WRI T E( 1 0 8 , I 2)
12 F O R M A T ! / / ' STATION MAX-DEPTH SURF- ELEV TOP WIDTH ' ,  

. * '  MAX-Q P E A K - T I M E ' / )
W R I T E ( 1 0 8 , 1 3 ) ( I , Y M A X ( I ) , Z ( I ) + Y M A X ( I ) , T 0 P W ( Y M A X ( I ) , I )

*  ,QM A X ( I ) , T M A X ( I ) , I = 1 , N )
13 FORMAT(3 X ,  I 3 , 5  ( F 1 0 . 1  ) )

END
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C
SUBROUTINE BACKWATER 

C
C SUBROUTINE TO CALCULATE THE I N I T I A L  CONDI TI ONS OF FLOW 
C ( DEPTH AND DISCHARGE)  AT EACH CROSS SECTI ON.  A STANDARD 
C STEP-BACKWATER METHOD IS U T I L I Z E D .
C

COMMON/ARRAY /  A ( 2 0 0 * 2 0 0 ) *N
' C 0 M M 0 N / B R E A C H S / N U M , T S T E P , L 0 , L 1 , L 2 , DEP T H , BDfHDAM,

* AREAB, F L A G , I NL AKE , T Q 1 , V O L , MN B , TFAI L  
C O M M O N / P A R A M E T E R S / Y ( 1 0 0 , 2 ) , Q ( 1 0 n , 2 ) , Z ( 1 0 0 ) , M N ( I O O ) ,

* I NFLOC1 0 0 ) , D I S T ( I O O ) , Q M A X ( I  0 0 ) , YMAX ( 1 0 0 ) , T M A X ( I O O ) ,
* XSEC ( 5 ) , D T , T

C0 MMON/ CONS T A NT S / G, T F I NA L , T HE T A, nJ N, QTOL, YTOL  
REAL I NFLO, MN  

C
* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C
C I N I T I A L I Z E  THE UPSTREAM CONDI TI ONS BETWEEN THE DAM AND X-  
C SECTION NUMBER ONE 
C
C DISCHARGE AND DEPTH

QDAM = SPI LLWAY( DEPTH)  + OUTLET(DEPTH )
Q( I , I )  = QDAM
Y D AM = DEPTH -  4 2 . 1
Y ( I , I )  -  Y DAM .

C '
C E LEVA TI ONAL HEAD

HU = 6 39 6 . 0 + YDAM  
. I HD = Z ( I  ) + Y ( I  , 1  )

C
C VELOCI TY HEAD

VHU = ( Q D A M / ( Y D A M * 2 0 . ) ) / ( 2 . 0 * G )
VHD = ( Q (1 , 1 )  /  AREA(Y ( I  , 1  ) , 1  ) ) /  ( 2 . 0 * G )

C
C FRI CTI ON SLOPE

SF = 6 3 9 6 . 0  - Z ( I )
C-
C CALCULATE RESIDUAL FROM USING Y ( I , T )

RESI D = (HU+VHU)  -  (HD+VHD+SF)
C
C TEST THE RANGE QF THE RESIDUAL

I F ( RESI  D. GT .  0 . 0 1  ) Y ( I ,  I ) =Y ( I ,  I ) + RE S ID ,* GO TO I 
I F ( RES I D . L T . - O .  01 ) Y ( I ,  I ) =Y ( 1 , 1  ) +R ESI  D ,'GO TO I 

C 1

***<r********A***********-* * * * * * * * * * * * * * * * ********************
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C COMPUTE THE I N I T I A L  CONDI TI ONS AT EACH CROSS SECTION 
DO 3 I = I , N - I  
I T E R= I  

C
C DISCHARGE

QU = 0 ( 1 , 1 )
QD = Q ( 1 + 1 , 1 ) = Q U + I NFLO( I )

C
C DEPTH (YD IS A TRI AL VALUE THAT IS CHANGED EACH I TERATI ON)  

YU = Y( I ,  I )
YD = YU 

C
C RESTART NEXT I TERATI ON  

2 CONTINUE
I F ( I T E R . G T . 2 0 )  OUTPUT "TAILS' - TO CONVERGE A T ' , 1+1 I STOP

C
C STAGE

HU = Z ( I )  + YU 
HD = Z ( 1 + 1 )  + YD 

C
C AREAS

AU=AREA (YU , I  )
AD=AREA( Y D , 1+1)

C
C HYDRAUL I C RAD I I

RU=AUZWP( Y U , I )
RD=ADZW P ( Y D , 1+1)

C
C COMPUTE MANNI NG' S N FOR EACH REACH ASSUMING THE FRI CTI ON 
C SLOPE IS EQUAL TO THE RED SLOPE.

S F = ( Z ( I ) - Z ( 1 + 1 ) ) Z D I S T ( I )
M N Cl  ) = ( I . 4 9 *  ( (AU + A D ) Z 2 . 0 )  * (.(RU + RD) Z2 . 0 )  * * . 6 7 * ( S F  

* * * . 5 ) ) Z ( ( QU+QD) Z2 . 0 )
C
C CALCULATE THE VELOCI TY HEAD TERM 

VHU = ( G U Z A U ) * * 2 Z ( 2 . 0 * G )
VHD = ( Q D Z A D ) * * 2 / ( 2 . 0 * G)

C
C CALCULATE THE RESIDUAL FROM USING YD 

RESI D = (HU + VHU) -  (H.D+VHD + SF)
C
C TEST THE RANGE OF THE RESIDUAL

i f ( r e s i d . g t . O oQ 1 ) y d = y d + r e s i d ; i t e r = i t e r + i ; go to 2 
L F ( R E S I D „ L T <, - 0 . 0 1 ) Y D = Y D  + RESI D;  I TE R=I  T ER +I  ; G0 TC 2 

C
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C ASSI GN FINAL.  DEPTH VALUE 
Y ( 1 + 1 , 1 )  = YD 

C
3 CONTINUE 

C
C OUTPUT THE I N I T I A L  CONDI TI ONS FOR EACH CROSS-SECTION 

W R I T E d  0 8 , 4  )
4 FORMAT( 5X ' S E C - # ' 3 X ' D E P T H ' 4 X ' D I S C ' S / ' DX ' 9 X ' M N ' X 

DO 6 1 = 1 , N
WRI T E( I  0 8 , 5 )  I ,  Y ( I ,  I ) , Q ( I , 1 ) , D I S T ( I )  , MNCI  )

5 FORMAT ( 6 X , I 2 , 4 ( F 9 . 2 ) )
6 CONTINUE

C
RETURN
END
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C
SUBROUTINE BREACH

C
C. SUBPROGRAM TO CALCULATE THE UPSTREAM CONDI TI ONS OF D I S -  
C CHARGE AT THE DAM SI TE AS A FUNCTION OF THE RATE OF F A I L -  
C URE AND. THE LAKE LEVEL.
C

COMMON/ BREACHS/ NUM/ TSTEP, L O , L I , L 2 / D E P T H , 8 D , H D A M ,
* A R E A S , FL AG , I  NLAKE, TQ I , V O L , MNB, TFA IL

COMMON/PAR AMETERS/Y ( 1 0 0 , 2 )  , Q d  0 . 0 , 2 ) ,  Z ( 1 0 0 ) , MN.( 1 0 0 )  ,
*  I N F L O ( I O D ) , D  1 S T ( 1 0 0 ) , QMAX( I  0 0 ) , YMAX( 1 0 0 ) , TMAX( I  0 0 ) ,
* XSEC( 5 ) , DT, T

REAL L O , L I , L 2 , M N B , I N L A K E , LDUM 
INTEGER FLAG 

C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
C ' ■
C SET TI ME FACTOR 

TZERO=T
C -
C LOOP THRU BREACH 1NUM1 TIMES 

DO 3 I =1 , NUM 
C
C INCREMENT TIME COUNTER 

T = T + - T  STEP 
C
C PROJECT THE CHANGE IN LAKE LEVEL

I F d . E Q . I . ANDe L O . ' EQ.DEPTH)  DL = 0 . 0 0  1 I GO TO I 
D L = ( L O - L l )

I LDUM = L I  -  DL
C .
C DETERMINE THE DIMENSI ONS OF THE BREACH 

RD = T / ( T F A I L / HDAM)
I F ( B D . G E . HDAM) BD = HDAM 
AREAS = B D * * 2  

C
C COMPUTE THE EFFECTI VE.  AREA OF FLOW THRU T HE BREACH 

FD = BD -  (DEPTH -  LDUM)
AREAF = F D * * 2 

C
C DETERMINE T HE . F RI CT I ON SLOPE FOR THE BREACH CHANNEL 

SLOPE=(  ( 6 4 0 1 . 9 - B D + F D )  -  (.Z ( I ) + Y ( I ,  1.) ) ) /  5 O O .
C
C COMPUTE THE BREACH DISCHARGE.

BQ = 1 . 4 9 / MNB * SQRT( S LOPE) * AREAF * ( R A D I U S ( F D ,

* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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C TOTAL DISCHARGE FROM THE D AM -  SPI LLWAY,  OUTLET,  S BREACH 
T Q 2 = SPI LLWAY( LDUM)  + OUTLET(LDUM)  + B Q  

C
C COMPUTE THE NEW LAKE VOLUME AND LEVEL AFTER THE TIME STEP 

VOL = VOL + T S T E P * ( I NLAKE —, ( ( TQ2  + TQ1 ) / 2 . C) )
CALL LAKE ( V O L , L 2 ) .

C
C TEST I F  DL WAS AN APPROPRI ATE PREDICTOR OF LAKE CHANGE 
C I F  NOT,  PREDI CT NEW DL AND LOOP THRU AGAI N 
C OVER- ESTI MATE

I F ( L 2 - L D U M „ G T . . 0 „ 0 5 ) D L  = L 1 - L 2 ;  OUTPUT
* ' DL TOO LARGE'  GO TO I 

C UNDER- ESTI MATE
I F ( L DUM- L 2 . GT  . 0 . 0 5 )  DL=L. 1- L2 ,* OUTPUT

* ' DL TOO SMALL"  ,* GO TO I 
C
C RE- ASSI GN VALUES FOR NEXT TIME STEP 

TQI  = T Q 2 
LO = L i  
L I  = L2 
DT=T- TZERO 

C
C OUTPUT THE BREACH HYDROGRAPH 

WRI T E ( I  0 1 , 2 )  T , TQ 2
2 FORMAT( 2(  F 1 2 . 1 ) )
3 CONTINUE 

C
C ASSI GN NEW DISCHARGE VALUE FOR NOAH 

Q( 1 , 2 )  = TQ2 
OUTPUT DT, TQ2 
RETURN 
END
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C
SUBROUTI NE NOAH 

C
C SUBPROGRAM TO ROUTE THE FLOODWAVE DOWNSTREAM FROM THE DAM 
C USI NG A FOUR POI NT  I M P L I C I T  F I N I T E  DI FFERENCE METHOD FOR 
C THE NUMERI CAL  SOLUTI ON OF THE COMPLETE EQUATI ONS OF UN-  
C STEADY FLOW.
C

C O M M O N / P A R A M E T E R S / Y ( 1 0 0 z 2 ) z Q - ( 1 0 0 # 2 ) # Z ( 1 0 0 ) z M N ( 1 U O ) , z
* I N F L O ( 1 3 0 ) z D I S T ( 1 0 0 ) z Q M A X < 1 0 0 ) z Y M A X ( 1 0 0 ) z T M A X ( T O O ) z
* X S E C ( 5 ) z D T , T  

C O M M O N / A P R A Y / A < 2 0 0 z 2 0 0 ) z N
COMMON/ CONSTANTS/ GzTFI NALzTHETAzNNzOTOLzYTOL

C* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C

OU T P U T ’ I NTO NOAH1 
I T ER = I/* FLAG = O 

C SET ARRAY TO ZERO
1 DO 2 I '= I , NN 

DO 2 J = I zNN+1 
A ( I z J ) = O . O

2 CONTI NUE 
C
C GENERATE THE C O E F F I C I E N T  MATRI X 

OUTPUT ’ I NTO M A T R I X . . . ’
CALL MATRI X 

C
C SOLVE EQUATI ONS SI MULTANEOUSLY

********* A A * * * * ****************  *************  ****************

CALL SIMEQ

WRI T E ( 1 0 8 z  3)
3 F O R M A T ( X ’ X- SEC Yl Y2 RES Y '

*  1 Ql 02 R E S Q ' )
DO 5 I = I z N  
J =(  I * 2 ) - 1

CORRECT THE I M P L I E D DEPTHS AND DI SCHARGES WI TH RESI DUALS

R E S Y = A ( J z N N + 1 )
RESQ=A ( J + 1 z N N + 1 )
Y ( I  z 2 ) = Y  < I z 2 ) - R E S Y  
Q ( I , 2 ) = Q ( I z 2 ) - R E S Q  

C
C SET FLAG FOR A D D I T I O N A L  I T E R A T I O N

I F ( A B S ( R E S Y ) - Y T O L . G T . O . O R . A B S ( R E S Q ) - Q T O L . G T . O )  FLAG=I



C OUTPUT THE RES ! DUALS
WRI  T E ( I  0 8 , 4 )  I , Y < I , 1 ) , Y ( I , 2 ) , R E S Y , Q ( I , 1 ) , Q ( I / 2 ) , R E S Q

4 F OR MA T ( 2 X ,  1 3 , 6< F l 2 . 3 ) )
5 CONTI NUE 

C
C TEST FOR A D D I T I O N A L  I T E R A T I O N  

I F ( F L A G . EQ. 0 )  GO TO 6 
C '
C TEST FOR CONVERGENCE

I F ( I T E R . G E . 2 5 )  OUTPUT 6 F A I L S  TO C O N V E R G E . . . I T E R  = 2 5 ' ;
* STOP

I T E R = I T E R  + ! ;  FLAG = O/' GO TO I 
C

6 OUTPUT I T E R , T , DT 
W R I T E ( I  0 8 , 7)  ■

7 F O R M A T ( X • X- SEC Yl  Y2 0 1 1
*  '  0 2 ' )

DO 9 1 = 1 , N
WRI T E ( 1 0 8 , 8 )  I , Y ( I , I ) , Y ( I , 2 ) , 3  ( I , I ) , Q ( I , 2 )

8 F O R M A T ( 2 X , 1 3 , 4 ( F I 2 . 2)  )
9 CONTI NUE 

C

C

RETURN
END
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* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C

SUBROUTINE MATRIX 
C
C SUBROUTINE TO. GENERATE THE MATRIX OF COEFFI CI ENTS FROM 
C THE EQUATIONS AT EACH X SECTION AND THE UP AND DOWNSTREAM 
C . BOUNDARI ES.  •
C ‘

COMMON/ CONSTANTS/ G, T F I N A L , T H E T A , N N , QTOLf YTOL
COMMON/PARAME.TERS/Y ( I 0 0 , 2  ) ,Q ( I  0 0 , 2  ) ,  Z ( I  C O ) , MN( I OO)  ,  •

* I NFLO ( I  0 0 ) , D IS T d  P O ) , QMAX ( I  0 0 ) , YM AX ( 1 0 0 ) , TMAX ( I  0 0 ) ,
* XSEC( 5 ) , P T , T

COMMON/ARRA Y / A( 2 0 0 , 2 0 0 ) ,N 
REAL I NFLOf MN

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
Q
C ELEMENTS OF THE MATRIX FROM THE BOUNDARY CONDI TI ONS  
C UPSTREAM

A ( I f I ) = O . O  
A d ,  2) = 1 . 0  

C DOWNSTREAM
A ( N N , N N ~ 1 ) = - D R C D Y ( Y ( N , 2 ) >
A ( N N , N N ) = 1 . O 

C RESIDUALS
A d  ,N N-M ) = 0 .  O
A (NN ,NN +1 ) = Q ( N , 2 ) - R A T I N G ( Y ( N , 2 )  )

C
DO I I = 1 , N - 1  

C
C S I MP L I F Y  NOTATION 
C

M = 2 * I 
L = M - I  

C
D X D T = D I S T ( I ) / DT 
DTDX= DT Z DI ST ( I )

C
C DEPTHS

Y 1 = Y ( I , 1 )
Y2 = Y ( 1 , 2 )
Y 3 = Y ( 1 + 1 , 1 )
Y 4 =Y (1 + 1 , 2 )

C
C TOP WIDTHS

TW2 = T0 PW( Y2 ,  I )
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TWA = TOPW( Y 4 » I > 1 )
C
C AREAS

A l = A R E A ( Y 1 , I )
A Z = AREACY 2 , I )
A3 = A R E A ( Y 3 , I + 1  ).
A A = A R E A ( Y 4 , 1 + 1 )

C
C HYDRAUL I C R A D I I

. RZ=AZZWPCY 2 , I )
RA=AZ Z WP( Y A , 1 + 1 )

C
C DI SCHARGES

Q I =Q ( I  , 1  )
QZ = QC1 , 2 )
Q 3 = QC1 + 1 , I )
Q A = Q ( I + 1 ,  2 )

C
C COMPUTE THE AVERAGE VALUES BETWEEN TH E NODES 
C
C AREAS

AVA= CA 2 + A A ) Z  2 . 0  
C
C HYDRAUL I C R A D I I

AVR= C R2 + RA ) Z 2 . 0  
C
C DI SCHARGES

AVQ= C Q2 + G 4 ) Z 2 , 0  . . .
C
C CALCULATE THE F R I C T I ON  SLOPE TERM

S F = C M N C I ) * A V Q Z A V A ) * * 2 Z C Z . Z * A V R * * 1 . 3 3 )

C
C COMPUTE THE D E R I V A T I V E S  OF THE F R I C T I O N  SLOPE WI TH 
C RESPECT TO DEPTH AND DI SCHARGE

D S F D Y 2 = - 2 „ 0 * S F * D R D Y ( Y ? , I ) Z C 3 „ 0 * A V R ) - S F * T W 2 Z A V A
D S F D Y 4 = - 2 o O * S F * D R D Y  C Y A ,  I + 1 ) Z C3, 0 *  A/VR ) - S  F * TW A Z AVA
D S F D Q 2 = M N C I . ) * * 2 * A V Q / C 2 „ 2 * A V A * A V A * A V R * * 1 . 3 3 )
DSFDQA=DSFDQZ

C
C C O N T I N U I T Y  EQUATI ON 
C
C CHANGE I N Q

DQ= CQA-Q 2 )  * THETA + CQ3-Q1 ) *  Cl  . O - T H E T  A)
C
C CHANGE I N Y

D Y = 0 . 5 * C C Y 2 - Y 1 ) + C T W 4 Z T W 2 ) * C Y 4 - Y 3 ) )
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C
C RCE I S THE RESI DUAL  FROM THE C ON T I N U I T Y  EQUATI ON 

. RCE = DY + DQ /  (TW.2, *DXDT)  -  I NFLO < I ) *  DT /  TW2 
C
C P A R T I A L  D E R I V A T I V E S  OF THE C ONT I NUI T Y  EQiI AT I ON ( CF)  WI TH 
C RESPECT TO DEPTH AND DI SCHARGE AT THE T I ME L I N E  J+1 
C

PC EY^  = O . 5 - ( DTWDY( Y 2 , I ) / ( T W 2 * T W 2 ) ) * ( Q „ 5 * T W 4 * ( Y 4 - Y 3 )  +
* D Q * D T D X - I N F L O ( I  ) * D T )

C
P C E Y A = O . 5 * T W 4 / T W 2 + 0 . 5 * D T W D Y ( Y 4 , 1 + 1 ) * ( Y 4 - Y 3 ) / T W 2  

C .
P C E Q 2 = - D T D X * T H E T A / T W 2  

C .
PCEQA= DT DX* T H F T A / T W2  

C
C MOMENTUM EQUATI ON 
C
C CHANGE I N  Q WI TH CHANGE I N TI ME

DQDT= - 0 . 5 * D X DT * ( Q 2 7 A 2 - Q I / A I + G A / A 4 - Q 3 / A 3 ) / G 
C
C CHANGE I N Q/ A  WI TH CHANGE I N DI STANCE ( D X I S FACTORED OUT)  

D Q A D X = 0 . 5 * ( ( ( Q 4 / A 4 ) * + 2 - ( Q 2 / A 2 ) * * 2 ) / G  * THETA +
*  ( ( Q 3 / A  3 ) * * 2 - < Q 1 / A I  ) * * 2 ) / G  * ( 1 . 0 - T H E T A ) )

C
C CHANGE I N E L E V A T I O N AL HEAD

H E A D = T H E T A * ( Y 2 + Z ( I ) - Y 4 - Z ( 1 + 1 ) ) + ( 1 . 0 - T H E T A ) * ( Y 1 + Z ( I ) -
* Y 3—Z ( 1 + 1 )  )

C
C RME I S THE RESI DUAL  FROM T HE MOMENTUM EQUATI ON 

RME = DQDT + DQADX + H E A D - ( D I S T ( I ) * S F )
C
C P A R T I A L  . D E R I V A T I V E S  OF THE MOMENTUM EQUATI ON ( ME)  WI TH 
C RESPECT TO DEPTH AND DI SCHARGE AT THE T I ME  L I N E  J+1 
C

P M E Y 2 = 0 . 5 * D X D T * ( Q 2 / A 2 ) * ( T W 2 / A 2 ) / G - ( ( Q 2 / A 2 ) * * 2 * T W 2 *
* T H E T A ) / ( A 2 * G ) + T H E T A - D S F D Y 2 * D I S T ( I )

C
P M E Y 4 = 0 . 5 * D X D T * ( G 4 / A 4 ) * ( T W 4 / A 4 ) / G  + ( ( G 4 / A 4 ) * * 2 * T W 4 *

*  T H E T A ) / ( A 4 * G ) - T H E T A - D S F D Y 4 * D I S T ( I )
C

PMEQ2 = - 0 . 5 * D X D T / ( A 2 * G ) + . ( Q 2 / A 2 ) * T H E T 4 / ( A 2 * G ) - D S F D Q 2 *
* D I S T ( I )

C
P M E Q 4 = - 0 . 5 * D X D T / ( A 4 * G ) - ( Q 4 / A 4 ) * T H E T A  /  ( A 4 * G ) - D S F D Q 4 *

*  D I S T ( I )



C GENERATE THE C O E F F I C I E N T  MATRI X 
C
C C ON T I N U I T Y  EQUATI ON 

A ( M» L> =PCE Y2 
A ( M , L  + T ) = PCEQ2  
A ( M/. L + 2 ) = P C E Y 4 
A ( M , L + 3 ) = P C E Q 4  

C MOMENTUM EQUATI ON 
A (M + 1 / L  ) =PMEY2 
A ( M + 1 , L + T ) = P M E Q 2  
A ( M + 1 / L  + 2 ) =P'MEY4 
A ( M + 1 / 1 + 3 ) - PMEQ4 

C RESI DUALS
A CM, N N+1 ) =RCE 
A( M + 1 ,  N N + I ) = R M E 

C
I ■CONTI NUE 

C
RETURN
END

C



I 02

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * *  
c-

SUBR OUT I  NE SI MEQ 
C
C SUBROUTINE TO SOLVE THE COEFFI CI ENT MATRI X USING THE GAUSS 
C -  JORDAN EL I MI NATI ON METHOD FOR SIMULTANEOUS EQUATIONS 
C-

COM. MO N /  ARRAY /  A( 2 0 0 / 2 0 0 )  *N 
C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C
C I N I T I A L I Z E  PRGM 

N N = 2 * N 
C
C SEARCH FOR LARGEST PI VOT ELEMENT 

DO 9 K=1 , NN  
I I - K -
I F ( K . E Q . N N )  GO TO 5 
B I G = A B S ( A ( K , K ) )
DO 3 I = K + 1 f N N 
B B I G = A B S ( A d z K ) )
I F ( B I G . L t e BBI G)  BI G=BBI G;  I I = I

3 CONTINUE 
C
C TEST FOR REPLACEMENT

• I F ( I I e EQeK)  GO TO 5 
C
C SWITCHEROO

DO 4 J = I f N-N + I 
S U B = A ( I I f J )
A ( I I f J ) = A ( K f J )
A ( K z J ) = S U B

4 CONTINUE 
C
C CALCULATE NEW MATRIX WI THI N SAME SPACE 
C ( D I V I D E  EQUATION BY THE LEADING COEFFI CI ENTS)

5 DO 6 J=K + 1 fNN+1 
A ( K f J ) = A ( K , J ) / A ( K f K )

6 CONTINUE 
C
C BACK SUBSTI TUTI ON  

DO 8 I = I f N N  
I F ( I eEQeK) GO TO 8 
DO 7 J = K + I fNN + 1
A ( I f J ) = A ( I f J ) - ( A ( I f K ) * A ( K f J ) )

7 CONTINUE



8 CONTI NUE
9 CONTI NUE

RETURN
END-



* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * *  
C

REAL FUNCTI ON A REA( Y , I  )
C
C FUNCTI ON SUBROUTI NE TO CALCULATE THE AREA OF FLOW AT EACH 
C CROSS SECTI ON FROM THE DEPTH /  AREA CURVES .
C

C O M M O N / C O E F S / A C 1 ( 1 0 0 ) , A C 2 ( 1 0 0 ) , A C 3 ( 1 0 0 ) , R C 1 , R C 2 , R C 3  
REAL Y 
I NTEGER I 

C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C

AREA = ( A C I ( I )  * Y ) + (AC 2 ( 1 )  *  ( Y * * 2 >  ) + (AC 3 ( 1  ) *
* ( Y * * 3 ) )

C
RETURN
END
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REAL FUNCTI ON DRCDY( Y)
C
C FUNCTI ON SUBROUTI NE TO CALCULATE THE D E R I V A T I V E  OF THE 
C DEPT H- DI SCHARGE RATI NG CURVE ( DOWNS TR E AM BOUNDARY)
C

C 0 M M 0 N / C 0 E F S / A C 1 ( 1 0 0 ) , A C 2 ( 1 0 0 ) , A C 3 ( 1 0 U ) , R C 1 , R C 2 , R C 3  
REAL Y 

C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  f t ^ * * * * * * * * * * * * * * * *  
C

DRCDY = RC I + 2 * R C.2 * Y + 3 * R C 3 * Y * * 2  
C

* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *  * * * * ************************
C

R E T U R N

E N D



C
REAL FUNCTI ON DR DY( Y,  I )

C -
C FUNCTI ON SUBROUTI NE TO COMPUTE THE D E R I V A T I V E  OF THE 
C HYDRAULI C RADI US WI TH RESPECT TO DEPTH 
C

■ COMMON/COE F S / ACI ( I  0 0 )  „ AC2< I 00)  ,  AC 3 ( I  0 0 )  , RCI  ,RC2/ .RC 3 
REAL Y 
INTEGER I 

C
* *  A AAAAAAAAAAAAA AAAAAAAAAAAAAAAAAAAAAAAAAA AAAAAAAAAAAAAAAAAA
C ■

DRDY = T 0 P W < Y , I > / W P ( Y , I > - A R E A ( Y , i ) / ( W P ( Y , I ) * * 2 ) * ( - 0 „ 5 )
* * ( ( TOPWC Y,  I ) + 2 . 0  *Y)  * * 2 ) * * ( - 1 . 5 ) * 2 . 0 * ( T O P W ( Y , I ) + 2 „ 0 * Y )
* * ( D T W D Y ( Y f I ) + 2 . 0 )

C

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

R E T U R N
E N D
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C
REAL FUNCTION DTWDY ( Y ,  I )

C
C FUNCTION SUBROUTINE TO COMPUTE THE DERI VATI VE OF THE TOP 
C WIDTH WITH RESPECT TO DEPTH 
C

COMMON/COE FS / A C l ( 1 0 0 ) # A C 2 ( 1 0 0 ) y A C 3 ( T O O )  vRC1 * RC2 / RC3
REAL Y 
INTEGER I 

C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C

DTWDY = 2 . 0 * A C 2 ( I ) + 6 . 0 * A C 3  ( I ) *Y 
C

RETURN
END

* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
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SUBROUTI NE LAKE ( V 0 L / - L 2  )
C -
C FUNCTI ON SUBROUTI NE TO CALCULATE THE LAKE DEPTH FROM T HE 
C DEPTH- VOLUME'  CURVE EQUAT I ONS.  THE CURVE I S TREATED AS 
C TWO CURVES FOR GREATER ACCURACY.
C

REAL V O L , L 2  
C
* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C

I F ( VOL . L E . 2 3 4 3 5 2 8 0  ) GO TO I 
C

L 2 =' ( . 1 6 8  7 8 I E  01 + ( .  I 1 5 4 8 0 E - 0  5 * V OL )  + ( - . 9 6 2 1  86 
* E - 1 4 * ( V O L A A g ) )  + ( . 4  I 45 51 E - 2  2 * (V 0 L * * 3  ) ) )

RETURN
C

I L 2 = ( ( .  1 4 8 0 2 5 E - 0 5  * VOL)  + ( - .  267  I 7 4 E - I 3 * (VOL * * 2 ) ) ' 
a + ( . 3 0 9 4 8 3 E - 2 1  a ( V 0 L * * 3 )  ) )

C
RETURN
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C
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REAL FUNCTION OUTLET( Y )
C
C FUNCTION SUBROUTINE TO CALCULATE THE DISCHARGE THRU THE 
C OUTLET GATES AS A FUNCTION OF LAKE LEVEL 
C

REAL Y 
C* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C

OUTLET = ( ( . 3 5 0 0 0 0 E  + 01 * Y ) + 8 2 0 3  1 3 E - 0 1  * ( Y * *
* 2 ) ) + ( . 7 3 2 4 2 2 E - 0 3  * ( Y * * 3 ) ) )

* * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * * * * * *  * * * * ********************
C

C
RETURN
END



1 1 0

REAL FUNCTI ON RADI US ( Y , A )
C
C FUNCTI ON SUBROUTI NE TO CALCULATE THE HYDRAUL I C RADI US 
C ( R=AREAZWETTED PERI MET ER)
C

REAL Y » A 
C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C

P = SQRT( Y * * 2  * 2 . 0 )  *  2 . 0  
RADI US = A /  P 

C

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ******************************
C

R E T U R N
• E N D



■I l l

C
REAL FUNCTI ON R A T I N G ( Y )

C -
C FUNCTI ON SUBROUTI NE TO CALCULATE THE DI SCHARGE AT T HE 
C DOWNSTREAM BOUNDARY FROM THE DEPT H- DI SCHARGE RATI NG CURVE 
C

COMMON/COE FS/ AC1  ( I O O ) / A C Z ( I O O ) , AC 3 ( I  0 0 ) , RCl  , R C 2 , R C 3  
■ PEAL Y 

C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C

RATI NG = R C I * Y + R C 2 * ( Y * * 2 )  + R C3 *  (Y * *3 )

RETURN
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C



1 1 2

C
REAL FUNCTION SPI LLWAY( Y)

C
C FUNCTION SUBROUTINE TO CALCULATE THE SPILLWAY DISCHARGE AS 
C A FUNCTION OF LAKE DEPTH 
C

REAL Y,SD
C* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C

I F ( Y . L E . 4 2 . 1 )  S P I L L W A Y = O . O;  RETURN 
SD = Y -  4 2 . 1
SPI L L WAY = ( ( . 1 3 4 3 1 0  E 02 *  SD) *  ( . 2 6 4 7 4 4 E  02 *

* ( S D * * 2 ) ) + ( - . 1 0 7 5 1 6 E  01 *  ( S D * * 3 ) > )  ■
RETURN

C ‘ ■

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *

END
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c -
REAL FUNCTI ON T OPWCY, ! ) .

C
C FUNCTI ON SUBROUTI NE TO CALCULATE THE TOP WI DTH OF FLOW AT 
C EACH CROSS- SECT I ON AS THE D E R I V A T I V E  OF THE A PEA WITH 
C RESPECT TO DEPTH}
C

COMMON/COEF S / A C 1 ( 1 0 0 ) , ACZCi nO) , AC 3 ( 1 0 0 ) , R C 1 , R C 2 , RC3 
REAL Y 
INTEGER I 

C
AAAAAAAAAAAAAAAAAAAAAAAAAA- AAAAf r AAAAAAAAAAAAAAAAAAAAAAAAAAAAA
c

TOPW = A C I ( I )  + 2 * A C 2 ( I > *Y + 3*AC 3( 1  ) *Y * * 2  
C

* * * A * * * * * * * * f t * * * A * i r * A * * * * * * * A * A * * * * * A * * * * * * * * * * * * * * * * * * * * A * A

R E T U R N
E N D



I I 4

C
REAL FUNCTI ON VOLUME( Y )

C
C FUNCTI ON SUBROUTI NE TO CALCULATE THE I N I T I A L  VOLUME CF T HE 
C LAKE FROM THE DEPTH- VOLUME CURVE.  THE CURVE I S BROKEN 
C I NTO TWO SECTI ONS AND TREATED WITH TWO EQUATI ONS FOR I N-  
C CREASED ACCURACY. '
C

REAL Y
C ■
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * *  
C

I F ( D E P T H . L E . 2 4 )  GO TO I 
C

VOLUME = - . 2 3 2 3 2 0 E  OA + ( „ 7 9 1340E 06 * Y) +
* ( .  3 8 8 2 08 E 04 * ( Y W ) , )  + ( .  1764 5 SE 03 * ( Y * * 3 ) )

RETURN
C

I VOLUME = ( . 6 7 4 2 7 3 E  06 * Y ) + ( . 8 T 6 7 5 0 E  04 * ( Y * * ?)  ) +
* ( .  1 8 4 3 3 6 E 03 * ( Y * * 3 ) )

C
RETURN
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * £ * * * * * * * * * * * * * * - * * « * * * * * *



C
REAL FUNCTI ON W P ( Y z I )

C
C FUNCTI ON SUBROUTI NE TO CALCULATE THE WETTED PERI METER AT 
C EACH X - S  EC T I ON AS A FUNCTI ON OF TH E DEPTH 
C

COMMON/COE FS/ AC1  ( I  0 0 ) / A C 2 ( T 0 0 ) z A C  3 ( I  0 0 ) / R C l  zRCZz RC3 
REAL Y 
I NTEGER I 

C
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * ** * * * * * * * * * * * * * * * *
C

WP = SQRT ( TO-PWtYz I ) * * 2  + Y * * 2 )  + Y

RETURN
END

* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C



APPENDI X I 11 
EXAMPLE DATA F I L E

DEPTH I N L A K E  TSTEP MNB T F A I L
48  1 0 0 0  5
N T F I N A L  THETA

. 0  0 . 0 4 7
QTOL YTOL

4 5 0 .

97 3 6 0 0 . 0 0 . 6 5 0 . 0  . 0  5.
2 0 , 5 0 , 7 0 , 9 7 X- SEC T I ONS FOR HYDROGRAPHS ( I = D A M S I T E )

Z ( I ) D I S T ( I ) I N F L O ( I ) X - S E C = I  (NOT READ I N )
6 3 3 0 . 0 1 0 0 . 0 . 0 I
6 3 1 0 . 0 1 0 0 . 0 . 0 • 2
6 2 9 0 .  0 1 2 5 . 0 . 0 3
6 2 6 5 . 0 1 2 5 . 0 . 0 4
6 2 4 4 . 2 1 5 0 . 0 . 0 '5
6 2 2 6 . 6 I 5 0 . 0 . 0 6
6 2 1 0 . 3 I 7 5 . 0 . 0 7
6 1 9 8 . 0 1 7 5 . 0 . 0 8
6 1 8 5 . 8 20 0 . 0 • . 0 9
6 1 7 5 . 6 2 0 0 . 0 . 0 10
6 1 6 6 . 0 2 2 5 . 0 . 0 I I
6 1 5 5 .  I 2 2 5 . 0 • . 0 I 2
6 1 4 4 . 3 2 5 0 . 0 . 0 I 3
6 1 3 2 . 2 2 5 0 . 0 . 0 I 4
6 1 2 0 . 2 2 7 5 . 0 . 0 I 5
6 1 0 9 .  7 2 7 5 . 0 . 0 16 .
6 1 0 2 . 3 3 0 0 . 0 . 0 17
6 0 9 3 . 6 . 3 0 0 . 0 . 0 I 8
6 0 8 4 . 9 3 2 5 . 0 . 0 19
6 0 7 5 . 6 3 2 5 . 0 . 0 2 0
6 0 6 6 . 7 3 5 0 . 0 . 0 21
60 5 7 . 3 3 5 0 . 0 . 0 22
6 0 4 9 .  6 3 7 5 . 0 . 0 23
6 0 4 2 . 3 3 7 5 . 0 . 0  . 24
6 0 3 5 .  0 4 0 0 . 0 ■ »0 25
6 0 2 7 . 2 4 0 0 . 0 . 0 26
6 0 1 9 . 4 4 2 5 . 0 . 0 27
6 0 1 1 . 2 4 2 5 . 0 . 0 28
6 0 0 2 . 9 4 5 0 . 0 . 0 29
5 9 9 4 .  I 4 5 0 . 0 . 0 30
5 9 8 5 . 4 4 7 5 . 0 . 0 31
5 9 7 6 . I 4 7 5 . 0 . 0 32
5 9 6 6 . 9 5 0 0 . 0 . 0 33
5 9 5 3 . 9 5 0 0 . 0 . 0 34
5 9 3 8 . 9 5 2 5 . 0 . 0 35
5 9 2 4 . 4 5 5 0 . 0 . . 0 36
5 9 0 9 . 2 5 5 0 . 0 . 0 37
5 8 9 4 . I 5 7 5 . 0 , 0 38



I I 7

5 8 7 8 .  I 5 7 5 . 0 . 0 39
5 8 6 2 . 3 6 0 0 . 0 . 0 40
5 8 4 5 . 7 6 0 0 . 0 . 0 41
5 8 2 9 . 2 . 6 2 5 . 0 . .0 4 2
5 8 1 1 . 9 . 6 2 5 . 0 . 0 43
5 7 9 7 .  3 6 5 0 .  0 ■ , 0 44
5 7 8 4 . 8 6 5 0 . 0 . 0 45
5 7 7 2 . 4 6 7 5 . 0 . 0 46
5 7 5 9 . 5 6 7 5 . 0 . 0 47
5 7 4 6 . 6 7 0 0 . 0 . 0 48
57 3 3 .  2 7 0 0 . 0 . 0 49
5 7 1 8 . 8 7 2 5 . 0 . 0 50
5 7 0 3 . 2 7 2 5 . 0 . 0 51
5 6 8 7 . 5 7 5 0 . 0 . 0 52
5 6 7 1 . 0 7 5 0 . 0 . 0 53
5 6 5 4 .  I 7 7 5 . 0 . 0 54
5 6 3 6 .  7 7 7 5 . 0 . 0 55
5 6 1 9 . 3 8 0 0 . 0 . . 0 56
5 6 0 1 . 3 8 0 0 . 0 . 0 57
5 5 8 1 . 6 8 2 5 . 0 . . 0 58
5 5 5 8 . 6 8 2 5 . 0 . 0 59
55 3 5 .  5 8 5 0 . 0 . 6 60
5 5 1 1 . 8 8 5 0 . 0 . 0 61
5 4 8 8 .  I 8 7 5 . 0 . -.0 62
5 4 6 3 . 6 8 7 5 . 0 . 0  . 63
54 3 9 . 2 90 0 .  0 pO 64
5 4 1 4 . 0 9 0 0 . 0 . 0 65
539 1 . 1 ■ 9 2 5 . 0 , 0 66
5 3 6 8 . 7 9 2 5 . 0 . 0 . 67
5 3 4 6 . 3 ■ 9 5 0 . 0 . 0 68
5 3 2 4 . 9 9 5 0 . 0 . 0 69
5305 .  7 9 7 5 . 0  ' . 0 70
5 2 8 6 . I 9 7 5 . 0 . 0 71
5 2 6 7 . I I 0 0 0 . 0  ■ . 0 . 7 2
5 2 4 7 . 6 I 0 0 0 . 0 . . 0 73
5 2 3 0 . 2 1 0 2 5 . 0 . 0 74
5 2 1 7 . 1 1 0 2 5 . 0 . 0 75

■ 5 2 0 4 . 0 1 0 5 0 . 0  ' . 0 76
5 1 9 0 . 6 1 0 5 0 . 0 . 0 77
5 1 7 7 . 2 1 0 7 5 . 0 . 0 78
5 1 6 3 . 4 1 0 7 5 . 0  . . 0 79
5 1 4 5 . 9 1 1 0 0 . 0  ■ . 0 80
5 1 2 7 . 3 I 1 0 0 . 0 . 0 81
5 1 1 0 . 1 1 1 2 5 . 0 ■ . 0 . 8 2
5 0 9 3 . 8 1 1 2 5 . 0 . 0 83
5 0 7 5 . 1 1 1 5 0 . 0 . 0 84



1 I 8

5 0 4 9 . 5  1 1 5 0 . 0  
5 0 3 0 .  7 1 1 7 5 . 0 .  
5 0 1 3 . 4  1 1 7 5 . 0  
4 9 9 7 .  5 1 20 0 . 0  
4 9 8 2 .  1 I 2 0 0 . 0  
4 9 6 5 . 9  1 2 2 5 . 0  
4 9 4 8 .  4 'I 2 2 5 . 6  ' 
4 9 3 1 . 1  1 2 5 0 . 0  
4 9 1 3 . 8  I 2 5 0 . 0
4 8 9 7 . 0  1 2 7 5 . 0  
4 8 8 1 . 3  1 2 7 5 . 0
4 8 6 5 . 6  8 7 5 . 0
4 8 5 5 . 1  , 0 . 0
. 2 4 2 0 1 9 E + 0 3

- . 2 4 6 6 6 7 E + 0 1  
. I 1 8 7 3 6 E + 0 2  •
.  2621 4 0 6 * 0 2 '
. 4 4 1 3 9 4 E + 0 2  
. 4 9 5 0 9 8 E + 0 2  
. 3 3 3 5 5 3 E + 0 2  
. I 75051  E + 02 
.  7.8 78 4 9 E + 00 

- . I 5 9 2 9 4 E + 0 2  
- .  I 2 7 8 0 7 E + 0 2  
- . 6 4 5 2 8 6 E + 0 1  

. 6 6 5 9 8 8 E + 0 0  

. 7 7 8 4 8 3 E + 0 1  
• . I 5694  7 E +0 2 

.  236045. E + 02 

. 3 3 1  I 0 1 E + 02 

. 4 2 8 9 1 0 E + 0 2  

. 4 2 8 7 4 9 E + 0 2  

. 2 7 0 9 5 4 E + 0 2  

. I 0 0 0 0 9 E + 0 2 

. 2 7 9 4 9 0 E + 0 1  

. I 690 3 5 E.+0 I 
- .  I 0 8 0 2 8 E + OO 
- .  24478 . 6E + 01 
- .  4 787  6 9 E + 01 
- .  7 2 8 3 5 1 E + 0 1  
- . 9 7 7 9 3 3 E + 0 1  
- . I 2431 I E+0 2 

I 5 08 2 9 E + 02 
- .  I 7 8 9 0 7 E + 0 2  .
- . 2 0 6 9 8 5 E + 0 2  

2 3 6 6 2 3 E  + 02

. 0

. 0

. 0
. 0

. - O
, 0
«0 .
. 0  
. 0  
. 0  

; . o  
. - o  

. 0
I 316 02E + 03 

. 5 9 8 7 5 0 E+01 

. 3 74 2 75 E+01 

. I 49800E+01  
— . 1 3 0 7 9 4 E  + 01 
- .  981 685 E +00 

' . 5 0 4 7 76 E+ 01  
. 9 8 3 4 6 5 E + 0 1  
. 8 1 7 1 1 3 E+01 
. 6 5 0 7 6 2  E + 01 
. 6 1 3 1 8 3 E + 0 1  

. . 5 9 7 3 9 5 E + 01 
. 5 79 634E+01  
. 5 6 1 873E+01 
.  5 4 2 I 3 8 F +0 I 
.  522 4 04 E + 01 
. 2 0 1 6 9 2 E + 0 1  

- . 4 1  4576.E + 01 
- . 359 2 50 E+01  
- . I I 5 7 1 3E+01 

.1 481 2 0 E + 01 

. 3 5 1 339E+01 
. 5 2 9 3 9 4 E +0 I 
. 6 1 5 1 50E+01 
. 6 5 2 0 9 2 6 + 0 1  
. 6 8 9 0 3 4 E + 0 1  
. 7 2 8 4 3 9 6 + 0 1  
. 7 6 7 8 4 4 6 + 0 1  
. 8 0 9 7 1 2 6 + 0 1  
. 8 5 1 5 7 9 6 + 0 1  
. 8 9 5 9 1 OE+01 
. 9 4 0 2 4 0  E+01 
. 9 8 7 0 3 4 6 + 0 1

85
86 .
87
88
89 .
90
91 .
92
93
94
95
96
97

. 2 1 7 4 4 6 6 + 0 2
-  . 490 83 3 E - 0 1 

. 1 1 2 3 8 5 6 - 0 1  

.  71 5 6 0 3 6 -  01 

. 1 4 6 9 6 3 6 + 0 0  
.  T3 9 5 6 5 6 + 0 0 .

- . 1 8 3 5 2 3 6 - 0 1  
- . 1 4 4 2 5 4 6 + 0 0  
- .  104385  6+00
-  . 64 5 1 6 4 6 - 0 1  
- .  5 5 6 5 6 8 6 - 0  I 
- .  5 2 0 4 0 8 6 - 0 1  
- .  4 7 9 7 2 9 6 -  01 
- .  4-3 9 0 4 9 6 - 0 1  
- .  3 9 3 8 4 9 6 - 0  I 
- . 3 4 8 6 4 9 6 - 0 1

. 5 8 9 8 2 7 6 - 0 1  

. 2 5 6 9 4 8 6 + 0 0  

. 3 8 7 9 7 7 6 + 0 0  

.  232 51 4 6+00  
. 6 4 0 9 5 3 6 - 0 1  
.  5 9 3 9 7 7 6 - 0 1  
. 1 6 4 5 3 5 6 + 0 0 .  
. 18931 2 6 + 0 0  
. 1 6 8 0 2 5 6 + 0 0 -  
. 14 6 73 9 6 + 00  
. 1 2 4 0 3 3 6 + 0 0  

' . 101 32 7 E+ OC 
. 7 7 2 0 2 1 6 - 0 1  
. 5 3 0 7 7 2 6 - 0 1  
. 275 3 3 2 6 - 0  I 
. 1 9 8 9 2 1 6 - 0 2

-  i  24 9 73 9. 6 -  O I
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1
2
3
4
5
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9
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11 
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32
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2 662 6 1 E + 02 . . 1 0 3 3 8 3 E+02 51 9 3 7 0  E-  0 1 33
1 6 79 60  E +0 2 . 7 2 1 3 4 8 E + 0 1 - . 3 8 4 3 9 9 E - 0 I 34
I 0 8 1 67E + 01 . 2 6 7 4 3 2 E + 0 1 5 2 8 0 4 4  E-  02 35
9 3 7 8 0 0  E +00 . 3 8 4 1 5 1 E+0 1 1 9 5 9 3 2 E - 0 1 36
7 8 7 0 8 1 E+ 0 0 . 5 0 6 4 2 8 E + 0 1 3 4 5 8 7 6 E - 0 1 37
6 3 6 3 6 2 E + 0 0 . 6 2 8 7 0 5 E+01 — . 4 9  5 8 1 9  E - 01 38
4 7 8 7 9 2 E + 0 0 . 7 5 6 5 4 1 E+01 — .  65 2 5 7 9  E - 01 39
3 2 1 2 2 2 E + 0 0 . 8 8 4 3 7 6 E + 0 1 - »  8 0 9 3 3 8 E - 0 1 40
I 5 6 8 0  2 E +0 0 .  I 0.1 77 7 E + 0 2 - . 9 7 2 9 1  4 E - 0 1 41

. 7619  I 6E - 0  2 .  I I  5 I  I 6 E + 0 2 11 3 6 4 9 E  + 0 0 4 2

. 1 7 8 8 9 1 E+ 0 0 . I 29 0 1 1  E + 02 - . 1 3 0 6 8 8 E + 0 0 43

. I 1 6 3 1 2E + 01 . I 2 8 0 7 3 E + 0 2 1 2 9 6 4  9E+ OC 44

. 3 1 0 2 6 4 E + 0 1 .  I I 0 3 8 5  E+02 - .  1 0 8 2 0 0 E + 0 0 45

.  5 042  I 6E + 0 I . 9 2  69  73 E +01 - . 8 6  7 51 2 E - 0 I 46

.  7 0 5 6 2 8 E  + 01 . . 7 4 3 2 9 0 E + 01 64 4 77 5 E-  0 I 47

. 9 0  70 40  E + 0 I . ■ 5 5.9608E + 01 - .  4 2 2 0 3 7 E - 01 48

. I I 1 5 9 1 E + 02 . 3 6 9 1 Z 2 E + 0 1 - .  191 0 5 0 E - 0 1 49
- .  5 79 79 8 E +0 T . 6 9 6 7 1 8E+01 - . 4 9 7 9 4 4 E - 0  I 50
- . 3 6 1 2 4 7 E + 0 2 . 1 3 8 3 2 2 E + 0 2 - . 1 1  7 6 2 8 E  + 00 51
- . 6 6 4 5 1 3 E + 0 2 . 2 0 6 9 7 1 E+02 - . 1 8 5 4 6 1 E+OG' 52
- . 7 0 9 8 9 8 E + 0 2 . 2 1 9 9 7 0 E + 0 2 - . 1 9 7 4 4 5 E + 00 53
- .  5 20 48 7E +0 2 . 1 8 2 2 0 1 E + 0 2 - . 1 5 8 5 1 4 E+00 54
- . 3 2 4 7 6 3 E + 0 2 . 1 4 3 1 7 3 E + 0 2 . - .  11 8 2 8 5  E+OG 55
- .  I 290 3 9 E + 0 2 . 1 0 4 1 4 5 E + 0 2 - .  78 0 55 9E - 0 1 56

. 7 2 9 9 9 6 E + 0 1 . 6 3 8 5 8 6  E +01 - . 3 6 5 2 9 3 E - 0 1 57

. I 9 0 2 0 7 E + 0 2 . 3 7 6 3 4 9 E + 0 1 - .  1 0 0 8 5 9 E - 0 1 58

. 1 6 5 2 6 9 E + 0 2 . 3 4 7 6 0 8E+01 - . 8 7 4 0 9 1 E - 02 59

. 1 4 0 3 3 1 E+ 0 2 . 3 1 8 8 6 7E+01 - . 7 3 9 5 9 2 E - 0 2 60

. I 1 4 6 3 8 E + 0 2 . 2 8 9 2 5 6 E + 0 1 - . 6 0 1 0 1 6 E-  0 2 61

. 8 894 4 6 E +0 I . 2  5 9 6 4 4 E  +0 I — .  46 2441  E ^ O 2 62

. 6 2 4 9 5 6 E  + 01 ■ . 2 2 9 1 6 1 E+01 - .  31 9 79 0 E-  0 2 63

. 3 6 0 4 6 6 E  + 01 . 1 9 8 6 7 9 E + 0 1 - .  1 7 7 1 3 8 E - 0 2 64

.  8841 9 3 E + 0 0 . 1 6 7 3 2 5 E + 0 1 - .  304 1 I 0 E - 03 65

. I 1 9 8 9 6 E  +02 .  3 I 4 1 4 9E +0 I - .  153 54 I E- O I 66

. 3 1 4 3 5 1 E+ 0 2 . 5 6 8 5 5 4 E + 0 1 - . 4 0 4  I 7 4 E - O l 67

. 5 0 8 8 0 5 E + 0 2 . 8 2 2 9 6 0 E + 0 1 - . 6 5 4 8 0 7 E - 0 1 68

. 5 5 7 7 6 4 E + 0 2 . 8 7 7 7 7 2 E + 0 1 - .  71 2 89 9 E-  0 1 69

. 3 9 9 4 3 7 E + 0 2 . 6 4 8 6 8 6 E+01 — . 4 9 6 9 3 3 E - 0 1 70
. 2 9 7 6 6 5 E + 0 2 . 5 1 8 7 3 4 E + 0 1 - . 3 7 5 9 9 2 E - 01 - 71
. 4  3 1 1 90E +02 . 7  9 6 2 84 E + 0 1 - . 6 4 5 2 9 9 E - 0 1  . 72
. 5 6 8 1 3 9 E + 0 2 . I 0 8 0 9 5 E + 0 2 - . 9 2 1 5 1 3 E - 0 1 73

- .  I 0 8 8 2 4 E  +03 . 5 5 1 5 9 4 E + 0 2 - .  1 8 0 4 6 7 E  + 0 1 74
- . 7 0 7 5 0 7 E + 0 3 . I 9 9 8 8 0 E + 0 3 - .  7 5 8 9 7 2 E  + 0.1 75
- . I 3061 9E + 04 . 3 4 4 6 0 0 E + 0 3 - .  13 3 74 SE + 0 2 76
- . 1 9 1 9 4 7 E + 0 4 . 4 9 2 8 5 0 E + 0 3 1 9 3 0 1 0 E + 0 2 77
- .  2 5 3 2 7 6 E  +04 . 6 4 1 1 0 0 E +03 - .  25 2 2 7 2  E+ 0 2 78



. 3 1 6 0 6 5  E +04  

. 2 0 5 1 4 5 2 + 0 4  

. 5 7 0 8 3 1 2 + 0 3  

. I 6 7 6 0 9 2  + 03 
. 2 9 0 2 9 1 2 + 0 3  
. 2 4 5 5 4 9 2 + 0 3  
. 2 7 0 8 3 6 2 + 0 3  
. 4 0 9 1 4 4 2 + 0 3  
. 4 4 3 1 5 5 2 + 0 3  
. I 7 7 6 4 8 2  + 04 
. 3 8 9 0 1 2 2 + 0 4  
. 4 2 1 5 9 7 2 + 0 4  
. I 9 9 3 5 8 2 + 0 4  
. 4 3 3 1 1 6 2 + 0 3  
. 2 3 3 9 1 5 2 + 0 3  
. I 5 6 7 5 9 2  + 03 
. 1 5 3 3 3 7 2 + 0 3  
. 8 3 9 8 0 1 2 + 0 2  
. 4 5 4 1 6 3 2 + 0 2

I 2 0

. 7 9 2 8 7 9 2 + 0 3 - . 3 1 2 9 4 4 2 + 0 2 79

. 5 0 4 8 2 7 2 + 0 3 - . 1 7 9 1 1  I  2 + 0 2 80

. 1 2 2 5 6 1 2 + 0 3 ' - . 3 4 6 5 0 8 2 + 0 0 81
- . 7 1 9 0 8 1 2 + 0 2 . 9 2 1  5 9 8 2 + 0 1 82
- .  1 1 0 7 4 4 2 + 0 3 .  121 7 5 7 2  + 0 2 83
- . 9 6 2 0 1 2 2 + 0 2 .  1 1 8 2 4 1  2 + 0 2 84

. 6 8 7 1 5 5 2 + 0 2 . 2 1 5 6 0 9 2 + 0 1 85
. . I  3 2 9 6 1  2 + 03 - .  11.8251 2+01 86

. 1 7 0 0 3 1 2 + 0 3 - . 2 7 9 7 3 2 2  + 0 1 .87

. 5 0 3 6 0 7 2 + 0 3 - . 1 8 3 0 0 9 2 + 0 ? 88

. 1 0 1 5 8 8 2 + 0 4 - . 4 2 1 7 2 2 2 + 0 2 89

. 1 0 7 7 0 2 2 + 0 4 - . 4 4 0 7 9 1  2 + 0 2 90
. 4 9 4 7 0 6 2 + 0 3 - .  1 4 6 3 5 1  2 + 0 2 91
. 8 5 2 5 0 7 2 + 0 2 .  5 4 3 6 4 8 2 + 0 1 92
. 3 1 2 3 7 1 2 + 0 2 . 6 1  9 2 2 8 2 + 0 1 93

- . 6 2 3 4 2 6 2 + 0 2 . 7 9 7  832  2+01 94
. 3 6 2 1 0 6 2 + 0 2 . 2 9 7 3 5 7 2  + 0 I 95
. 1 4 4 8 2 7 2 + 0 2 . 5 6 0 9 2 2 2 + 0 1 96

- . 4 1 9 5 0 0 2 + 0 1 . 6 4 8 2 0 5 2 + 0 1 97
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